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1.1  Molecular structure and associated property in self-assembly 
Over the past few decades, the development of supramolecular self-assembly 
has played a role in creating new organic materials and devices with enhanced 
properties.1-7  First, we could construct various kinds of supramolecular nanostructures 
such as capsules,8-12 tubules13-23 and porous networks24-31 with well-defined shape and 
size.  Because molecular self-assembly emerges as a result of the connection of small 
building blocks through non-covalent linkages such as hydrogen bonding, electrostatic 
interaction, or π-π interaction, it is allowed that these self-assembled object formed 
ordered structures upon a spontaneous organization between monomers and aggregates 
by designing appropriate organic building blocks.32-34  It means that the assembled 
structures reflect the feature of small building blocks such as molecular geometry, 
dipole moment, charge and so on.  Therefore it is required to explore the fundamental 
and deep understanding about the molecular structure and their correlated feature at the 
molecular level.  On the other hand, by the dynamic nature of non-covalent interaction, 
the reversible transition of monomer-to-polymer provides great capacity for 
adaptability, processability, self-healing and responsiveness toward chemical or 
physical stimuli.1-5, 35-37  This spatial and temporal controllability has attracted from 
material scientists in order to create novel organic materials and devices, which have 
more sophisticated orientations and properties. 
To utilize their electronic property with strong molecular stacking, many 
supramolecular nanostructures have been developed on the basis of various planar π-
conjugated aromatics such as hexabenzocoronene (HBC), perylene bisimide (PBI) and 
oligothiophene.  By appending suitable peripheral units for solubilizing, those aromatic 
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molecules form one-dimensional (1D) and two-dimensional (2D) nanostructures with 
improved properties for optoelectronics.  For example, an amphiphilic HBC, substituted 
by phenyl oligoether and linear alkyl chains, uniformly formed graphite-like 
supramolecular nanotubes in tens to hundreds of micrometers scale and displays an 
electrical conductivity across a 180 nm–gap electrode after oxidization (Figure 1.1a).17  
In addition, the oligoether termini of an amphiphilic HBC can be substituted with 
functional groups such as chemically reactive groups, metal-binding functions, and 
chromophores.38-43  This could be allowed to give a variation in the surface of graphite-
like nanotube and to open another optoelectronic functionality.  On the other hand, a 
rectangular shaped-PBI self-assembled into nanofiber in solution and exhibited 
outstanding fluorescence and charge transport properties.44-48  Interestingly, the 
molecular stacking of PBI could be manipulated from H type to J type π-π stacking by 
steric hindrances in the peripheral side chains (Figure 1.1b).49  And a linear 
olighthiophene has a rod-like shape and easily produces 2D assembly that can be 
utilized for p-type semiconductor (Figure 1.1c).50-51  Also, their photovoltaic properties 
can be tuned by changing the length of the oligothiophene segment.52-53  Those 
examples above reveal that the investigation of relationship between molecular structure 
and associated properties is crucial for the development of organic nanomaterials. 
However, the development of supramolecular self-assembly has been mostly 
focused on the assembly of planar and disk-shaped π-conjugated aromatic segments.  
On the other hand, non-planar π-conjugated aromatics were rarely utilized in 
supramolecular polymers, while they displayed unique properties and functions derived 
from their characteristic structures.  For example, low symmetric order of non-planar  
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Figure 1.1.  Schematic representation of three monomers and the corresponding 
supramolecular polymers.  (a) An amphiphilic hexabenzocoronene substituted by 
phenyl triethylene glycol monomethyl ether and dodecyl chains formed a nanotube with 
a wall thickness defined by the dimension of monomeric units.  (b) A rectangular 
shaped-perylene disimide assembled into H-type or J-type aggregates derived from 
molecular structure modification.  (c) A rod-like oligothiophene constructed 2D lamella 
sheet that can be utilized for organic semiconductor.  
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molecules endows their assemblies with unique features such as macroscopic 
polarization and supramolecular chirality.  Miyajima and Aida et al. reported the 
supramolecular assemblies of ball-shaped corannulene, which displayed hexagonal 
columnar alignment in response to an applied electric field in liquid crystal state while 
those of planar π-conjugated analogues were hardly responsive (Figure 1.2a).54  More 
particularly, they found the metastable monomers of concave corannulene anchoring 
amide-appended thioalkyl side chains, which allowed the implementation of chain-
growth supramolecular polymerization in diluted solution (Figure 1.2b).55,56 
 
 
Figure 1.2.  Schematic representation of self-assmeblies of ball-shaped corannulene.  
(a) A liquid crystal corannulene formed hexagonal columnar assembly, which 
responded to applied electric field.  (b) Schematic representation of the chain-growth 
supramolecular polymerization of C5-symmetric coarnnulene. The growing polymer 
carries an initiator at one end (the initiating end), whereas the other end [the growing 
(active) end] adopts an analogous structure as initiator with free amide C=O groups.   
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Propeller-shaped molecules also have unique properties such as aggregation 
induced emission (AIE) and intrinsically helical conformation.57-59  In general, the 
planar-shaped flourophores such as pyrene possibly stack up as sandwich due to strong 
π–π stacking interactions, which commonly induced fluorescent quenching with the 
increment of concentration in solution.60-61  This phenomenon has been realized for 
many aromatic compounds and caused poor sensitivity in fluorescence sensory 
systems.62-64  In contrast, non-planar and propeller-shaped dyes such as hexaphenylsilole 
(HPS) emit their fluorescent emissions with aggregate formation, due to the restricted 
intramolecular rotation (Figure 1.3a).65-66  On the other hand, propeller-shaped 
molecules have also attracted attention as the origin of helicity in supramolecular 
system.  For example, hexaphenylbenzene can adopt propeller conformation in a crystal 
phase and exhibit a chirality sensing through supramolecular chirality transfer (Figure 
1.3b).67  More particularly, Meijer and coworker found firstly the amplification of 
supramolecular chirality with C3-symmetrical molecules (Figure 1.3c).68,69  In assembled 
state, the molecules expect to adopt a propeller-like conformation with intermolecular 
hydrogen bonding among amide groups.  However, the molecules can adopt a variety of 
conformations other than a propeller structure, which is hard to be convinced in diluted 
solution.  Hence, it is still unclear the effect of propeller conformation in the assembly 
and is desirable to explore the self-assembly of propeller-shaped molecules. 
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Figure 1.3.  Schematic representations of the self-assemblies of propeller-shaped 
molecules.  (a) Nonplanar propeller-shaped hexaphenylsilole emit their light emissions 
due to the restricted intramolecular rotation in the aggregates.  (b) An terephthalamide 
host induces strong CD signaling upon complexation with chiral ditopic guests, which 
derived from conformational change from a nonpropeller structure to a propeller 
conformation of hexaphenylbenzene.  (c) An extended disc-shaped molecule formed 1D 
helical supramolecular polymer and exhibits amplification of supramolecular chirality 
with 10 mol% of chiral analogues. 
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1.2  Triphenylamine and its self-assembly 
Triphenylamine (TPA) is one of a well known non-planar π-conjugated 
aromatic molecules that has three-bladed propeller structure and the benzene blades 
make conrotatory angles of ~ 44º with respect to the plane of central NCCC atoms in a 
crystal phase.70-73  Based on the propeller structure, TPA is expected to give an intrigued 
motif for the control of molecular orientation and supramolecular chirality.  In contrast 
to other propeller molecules such as hexaphenylbenzene, TPA have intrinsically 
propeller conformation even in monomer state (Figure 1.4a).88  It indicates that TPA can 
contribute to the origin of chirality in molecular and supramolecular system. 
TPA is also famous for a hole transporting ability with its easy oxidizability.  
TPA cation radical was formed by simple anodic oxidation of TPA and stabilized with 
para-substitution to electron donating group (figure 1.4b).  Because TPA shows good 
glass-forming property, low ionization energy and reversible redox potential,74-78  TPA-
based organic materials have been studied for various kinds of electronic devices  
 
 
Figure 1.4. (a) Ball-and-stick model of the triphenylamine molecule, NPh3. 
Single crystal X-ray diffraction data from Ref. 70.  (b) Formation of a radical cation of 
triphenylamine.  
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including organic light-emitting diodes (OLEDs),77 organic photovoltaic cells 
(OPVs)78,79 and organic field-effect transistors (OFETs)80 at small molecular and 
macromolecular levels.  And it is well known that the addition of TPA into 
photoconductive materials improve imaging properties of the Xerox laser printers.81  
Although TPA has considered one of most promising material in the field of organic 
electronics, its derivatives and their correlated properties have been mainly studied in 
solid state. To achieve high processability and device performance, it is indispensable to 
investigate the properties of TPA either in liquid crystalline (LC) state or in solution.  
However, the self-assemblies of TPA and their correlated properties have been rarely 
studied. 
After the development of first TPA-based liquid crystal, their thermodynamic 
behavior and optoelectronic properties was investigated in LC mesophase (Figure 
1.5a).82-85  However, it is hard to find a potential for good hole transporting materials, 
because the imine linkage in the mesogenic TPA derivatives can be susceptible to acid 
during the cyclic voltammetry and hence the poor chemical stability of the radical ions 
in dichloromethane solution.83  
Recently, Giuseppone and coworker reported the self-assembly of TPA 
derivatives triggered by catalytic amounts of triarylammonium radicals, which stack 
with their neutral analogues (Figure 1.5b).86,87  As a result, the supramolecular nanowire 
formed in chlorinated solvent under the simultaneous action of light.  Surprisingly, the 
resultant organic nanowire exhibits a large conductivity value (~ 5 × 103 S m-1) and a 
low interface resistance (~ 2 × 10-4 Ω m) between two metallic electrodes.  Although the 
nanowire was too short to use a practical application, it is noteworthy that the easy 
solution process are shown to enable the molecular organization in pre-determined 
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positions by means of a bottom-up approach, making possible the addressed control of 
nanoscale organic devices. 
As described above, TPA has good properties for organic electronics as well 
as unique structural feature for chirality generation.  Although the self-assembly of TPA 
have already studied for molecular organization with structural analysis and 
optoelectronic properties, the effect of propeller conformation was rarely discussed 
what should be noticed and how to utilize it.  Hence, it is desirable to explore the 
propeller conformation of TPA in supramolecular assembly and its associated 
properties.  
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Figure 1.5.  (a) A homeotropic alignment of TPA-based discotic liquid crystal based on 
nanostructured substrates of single-walled carbon nanotubes (SWNTs).  (b) The self-
assembly of supramolecular organic nanowires between two metallic electrodes, from a 
solution of triarylamine derivative.  
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1.3  Objective  
By the mean of theoretical and experimental studies, TPA was found to 
exhibit a propeller structure with nearly planar central NCCC segments in solid state70-73 
as well as in the gas phase.88  The propeller conformation of TPA is intrinsically chiral 
and is able to show either left- or light-handedness with their conformational flexibility.  
Both of left- and right-handed propeller chirality has thermodynamically same stability 
and an interconversion between both of two chirality can occurs in monomeric state.89  
If TPA formed one-dimensional helical assembly supramolecularly, however, the 
propeller conformation can be fixed and exhibit one of two propeller chirality, which is 
determined by the handedness of the resulting helices.  Furthermore, it is well known 
that one-handed supramolecular helices could be selectively isolated by the employment 
of chiral auxiliaries at molecular and supramolecular levels.  It indicates that the 
propeller conformation of TPA also selectively adopted one-handed chirality in one-
handed supramolecular helix.  Hence, the dynamic propeller chirality of TPA can be 
considered to be another intrigued motif for generating supramolecular chirality.  More 
particularly, the fixed propeller chirality of TPA in a supramolecular helix can direct a 
propeller chirality of TPA monomers during elongation process in supramolecular 
polymerization, which is expected to result in high amplification of supramolecular 
chirality.  Although various supramolecular helices has used for chiral amplification, it 
is desirable to find a new molecular motif and challenge the limit.  In the current thesis, 
I demonstrate that the unprecedentedly high amplification of supramolecular chirality 
was realized by using propeller-shaped TPA derivatives.  To further elucidate the effect 
of propeller conformation on the process of  self-assembly and chiral amplification, 
their self-assembly behavior was systemically investigated by tuning peripheral side 
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group, which varied the critical temperature for supramolecular self-assembly in diluted 
solution and in LC mesophase.  The key for these achievements is the dynamic 
propeller chirality of TPA, providing fresh insights on supramolecular assemblies 
together with chiral amplification of supramolecular helies.  
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2.1  Design and synthesis of propeller-shaped TPA derivatives 
My molecular design was based on the propeller-shaped TPA core and the 
three peripheral paraffinic wedges at para-position via amide linkages, which expected 
to form hydrogen bondings in the LC state and in the nonpolar solvents (Figure 2.1).  
As described in the chapter 1.2, the propeller-shaped TPA core could contribute to the 
origin of propeller chirality in supramolecular system.  It means that the propeller 
conformation of TPA is identical with each other in same supramolecular helices.   It 
could be allowed to exhibit unexpected phenomena in supramolecular chirality. 
It is well known that the amide group triggers strong hydrogen bonding for 
supramolecular polymerization.  This 3-folded amide groups would induce the 
formation of 1D supramolecular helical polymer with their helical array.  In addition, 
this aromatic amide unit can act as E-field-responsive handle that enables large-area 
unidirectional columnar orientation of columnarly assembled LC mesophase.   
Miyajima et al. reported that discotic LC compounds with aromatic amides responded to 
the applied E-field regardless of the structures of aromatic core and branched paraffinic 
tails.  Furthermore, the columnar orientation developed by the E-field is maintained 
long time after the E-field is off.  Hence, the TPA compounds are also expected to show 
E-field responsiveness, if they exhibit LC mesophase in certain temperature range. 
Finally, the paraffinic wedges support the formation of 1D supramolecular 
polymer in diluted solution as well as columnar assembly in LC mesophase.  There are 
many examples of discotic molecules with appropriate paraffinic wedges, which 
stabilized LC mesophase over wide temperature range.  Also, this branched paraffinic 
tails expected to help the implementation of the amide handle for large-area columnar 
orientation in LC mesophase.  
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Figure 2.1  Chemical structures of propeller-shaped TPA derivatives.  
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To elucidate the spatial effect of side chains, the alkoxy groups in outer 
phenyls were substituted on the basis of three structural variation; 1) the different length 
of alkyl chains (A4, A8, A12 and A16), 2) the lack of long linear alkyls (A-p and A-m), 3) 
the existence of branched chiral chains [C1m(S), C1p(S), C2m,m(S), C3(S)].  By probing 
individually the role of these three structural variations on self-assembly of propeller-
shaped TPA, it could provide us with a valuable insight for precise control of molecular 
organization toward functional materials.  
These TPA derivatives were synthesized by amide coupling with tris-(4-
aminophenyl)amine and appropriate 3,4,5-substituted benzoic acid chloride in 
dichloromethane.  Each paraffinic side chain was produced by an etherification of 
commercially available methyl 3,4,5-trihydroxybenzoate with appropriate alkyl halides 
according to methods reported by Würthner and co-workers with minor modifications.2  
All compounds were unambiguously characterized by 1H and 13C NMR spectroscopy 
along with mass spectrometry. 
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2.2  Experimental Section 
2.2.1.  Materials 
Tris(4-aminophenyl)amine, 1-bromododecane, iodomethane and (-)-β-
citronellol from TCI and Tokyo Kasei were used as received.  Palladium, 10 wt. % (dry 
basis), on activate carbon, wet, Degussa type E101 NE/W and (R)-citronellyl bromide 
from Aldrich were used as received.  3,4,5-Trihydroxymethyl benzoate, N-
bromosuccinimide, thionyl chloride, tryethylamine, potassium carbonate and potassium 
hydroxide were used as received.  Unless otherwise indicated, all starting materials 
were obtained from commercial suppliers (Wako Pure Chemical, Kanto, and TCI, etc.) 
and were used without purification.  Methylene chloride, hexane, DMF, and Ethanol 
were distilled before use.  Visualization was accomplished with UV light, iodine vapor 
or by staining using base solution of cerium ammonium molybdate.  Flash 
chromatography was carried out with Silica Gel 60 (230-400 mesh) from Wako Pure 
Chemical Industries, Ltd. 
2.2.2.  Method 
1H-NMR and 13C-NMR was recorded from CDCl3 solutions at 25 ºC on a 
JEOL JNM-ECA500   spectrometer, operating at 500 and 125 MHz, respectively, where 
chemical shifts (δ in ppm) were determined using tetramethylsilane as an internal 
reference. Matrix-assisted laser desorption ionization time-of-flight (MALDI–TOF) 
mass spectrometry was performed in the reflector mode on a Brucker model autoflex 
TM speed spectrometer using α-cyano-4-hydroxy cinnamic acid (CHCA) as matrix.  
The purity of the products was checked by thin layer chromatography (TLC; Merck, 
silica gel 60).  Compounds were synthesized according to the procedure described 
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below and then purified by silica gel column chromatography, flash chromatography 
system (Yamazen Smart Flash EPCLC AI-580S) and prep. recycling HPLC (YMC LC-
Forte/R). 
2.2.3.  Synthesis 
Synthesis of methyl 3,4-bis(dodecyloxy)-5-hydroxybenzoate, 1m’,[S1] methyl 
4-[(S)-3,7-dimethyloctyloxy]-3,5-dihydroxybenzoate, 1p’(S),[S2] methyl 4-[(R)-3,7-
dimethyloctyloxy]-3,5-dihydroxybenzoate, 1p’(R),[S2] methyl 4-dodecyloxy-3,5-
dihydroxybenzoate, 2m,m’,[S1] 3,5-bis(dodecyloxy)-4-methoxybenzoic acid, pA,[S3] 
3,4,5-tris(dodecyloxy)benzoic acid, A’,[S2] 3,4,5 -[tris-(S)-3,7-dimethyloctyloxy]benzoic 
acid, 3A(S)[S4] and 3,4,5-[tris-(R)-3,7-dimethyloctyloxy]benzoic acid, 3A(R),[S4] were 
described previously.  The other substituted 3,4,5-trisalkoxybenzoic acid were 
synthesized by means of similar procedures.  (R)-3,7-dimethyloctyl bromide[S5] and (S)-
3,7-dimethyloctyl bromide[S6] was synthesized from (R)-citronellyl bromide and (S)-
citronellol, respectively, as previous report. 
2.2.3.1  Synthesis of m, 1m(S), 1p(S), 1p(R), and 2m,m(S) 
 
Methyl 3,4-bis(dodecyloxy)-5-methoxybenzoate (m):  To a DMF solution 
(20 mL) of a mixture of 1m’ (150 mg, 0.29 mmol) and excess K2CO3 was added 
iodomethane (46 mg, 0.33 mmol), and the mixture was stirred for 12 h at 80 °C under a 
positive pressure of argon.  The reaction mixture was washed twice with water (50 mL), 
dried over Na2SO4, and evaporated to dryness under reduced pressure.  The residue was 
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chromatographed on silica gel with hexane/AcOEt (9/1 = v/v) as an eluent, where the 
first fraction was collected and evaporated under reduced pressure to give m as 
colorless liquid (140 mg, 0.25 mmol, 86%).  1H NMR (500 MHz, CDCl3, 25 °C, TMS) 
δ (ppm) = 7.27 (s, 2H), 4.02 (q, J = 6.3 Hz, 4H), 3.89 (s, 3H), 3.88 (s, 3H), 1.82 (quint, 
J = 6.9 Hz, 2H), 1.75 (quint, J = 6.9 Hz, 2H), 1.53-1.09 (overlapped m, 36H), 0.88 (t, J 
= 6.9 Hz, 6H); 13C NMR (125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 166.8, 152.9, 
141.8, 124.7, 107.9, 106.5, 73.5, 69.0, 56.2, 52.2, 31.9, 30.3-25.9, 22.6, 14.1. 
 
Methyl 3-{[(S)-3,7-dimethyloctyl]oxy}-4,5-bis(dodecyloxy)benzoate 
[1m(S)]:  To a DMF solution (20 mL) of a mixture of 1m’ (100 mg, 0.19 mmol) and 
excess K2CO3 was added (S)-3,7-dimethyloctyl bromide (46 mg, 0.21 mmol), and the 
mixture was stirred for 12 h at 80 °C under a positive pressure of argon.  The reaction 
mixture was washed twice with water (50 mL), dried over Na2SO4, and evaporated to 
dryness under reduced pressure.  The residue was chromatographed on silica gel with 
hexane/AcOEt (9/1 = v/v) as an eluent, where the first fraction was collected and 
evaporated under reduced pressure to give 1m(S) as colorless liquid (110 mg, 0.17 
mmol, 89%).  1H NMR (500 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 7.25 (overlapped s, J 
= 2.3 Hz, 2H), 4.06-3.9 (m, 6H), 3.89 (s, 3H), 1.82-1.66 (m, 6H), 1.51-1.12 (overlapped 
m, 44H), 0.94 (d, J = 6.9 Hz, 3H), 0.88 (m, 12H); 13C NMR (125 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 166.9, 152.8, 142.3, 124.6, 107.9, 73.5, 69.1, 67.4, 52.1, 39.2, 37.3, 
36.3, 31.9, 30.3, 29.8-26.0, 24.7, 22.6, 19.6, 14.1. 
Design and synthesis of propeller-shaped TPA derivatives 
 
 33 
 
Methyl 4-{[(S)-3,7-dimethyloctyl]oxy}-3,5-bis(dodecyloxy)benzoate 
[1p(S)]:  To a DMF solution (50 mL) of a mixture of 1p’(S) (300 mg, 0.92 mmol) and 
excess K2CO3 was added 1-bromododecane (691 mg, 2.78 mmol), and the mixture was 
stirred for 12 h at 80 °C under a positive pressure of argon.  The reaction mixture was 
washed twice with water (100 mL), dried over Na2SO4, and evaporated to dryness under 
reduced pressure.  The residue was chromatographed on silica gel with hexane/AcOEt 
(9/1 = v/v) as an eluent, where the first fraction was collected and evaporated under 
reduced pressure to give 1p(S) as colorless liquid (525 mg, 0.78 mmol, 85%).  1H NMR 
(500 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 7.25 (s, 2H), 4.18-3.90 (m, 6H), 3.89 (s, 
3H), 1.86-1.68 (m, 6H), 1.57-1.44 (m, 6H), 1.40-1.09 (overlapped m, 42H), 0.92 (d, J = 
6.9 Hz, 3H), 0.87 (m, 12H); 13C NMR (125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 166.9, 
152.8, 142.4, 124.6, 107.9, 71.7, 69.1, 39.3, 37.5, 31.9, 29.7-26.1, 24.7, 22.6, 19.5, 14.1.  
 
Methyl 4-{(R)-3,7-dimethyloctyl]oxy}-3,5-bis(dodecyloxy)benzoate 
[1p(R)]:  To a DMF solution (30 mL) of a mixture of 1p’(R) (200 mg, 0.62 mmol) and 
excess K2CO3 was added 1-bromododecane (338 mg, 1.36 mmol), and the mixture was 
stirred for 12 h at 80 °C under a positive pressure of argon.  The reaction mixture was 
washed twice with water (60 mL), dried over Na2SO4, and evaporated to dryness under 
reduced pressure.  The residue was chromatographed on silica gel with hexane/AcOEt 
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(9/1 = v/v) as an eluent, where the first fraction was collected and evaporated under 
reduced pressure to give 1p(R) as colorless liquid (330 mg, 0.50 mmol, 81%).  1H NMR 
(500 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 7.25 (s, 2H), 4.18-3.90 (m, 6H), 3.89 (s, 
3H), 1.86-1.68 (m, 6H), 1.57-1.44 (m, 6H), 1.40-1.09 (overlapped m, 42H), 0.92 (d, J = 
6.9 Hz, 3H), 0.87 (m, 12H); 13C NMR (125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 166.9, 
152.8, 142.4, 124.6, 107.9, 71.7, 69.1, 39.3, 37.5, 31.9, 29.7-26.1, 24.7, 22.6, 19.5, 14.1. 
 
Methyl 3,5-bis{[(S)-3,7-dimethyloctyl]oxy}-4-(dodecyloxy)benzoate 
[2m,m(S)]: To a DMF solution (50 mL) of a mixture of 2m,m’ (300 mg, 0.92 mmol) 
and excess K2CO3 was added (S)-3,7-dimethyloctyl bromide (472 mg, 2.78 mmol), and 
the mixture was stirred for 12 h at 80 °C under a positive pressure of argon.  The 
reaction mixture was washed twice with water (100 mL), dried over Na2SO4, and 
evaporated to dryness under reduced pressure.  The residue was chromatographed on 
silica gel with hexane/AcOEt (9/1 = v/v) as an eluent, where the first fraction was 
collected and evaporated under reduced pressure to give 2m,m(S) as colorless liquid 
(475 mg, 0.80 mmol, 87%).  1H NMR (500 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 7.26 
(s, 2H), 4.08-3.98 (m, 6H), 3.89 (s, 3H), 1.86 (m, 2H), 1.77-1.42 (m, 10H), 1.39-1.20 
(overlapped m, 28H), 0.94 (d, J = 6.9 Hz, 6H), 0.88 (m, 15H); 13C NMR (125 MHz, 
CDCl3, 25 °C, TMS) δ (ppm) = 166.9, 152.8, 142.3, 124.6, 107.9, 73.4, 67.4, 60.4, 52.1, 
39.2, 37.3, 36.3, 31.9, 30.3, 29.8-26.0, 24.7, 22.6, 19.6, 14.1 
2.2.3.2  Synthesis of mA, 1mA(S), 1pA(S), 1pA(R) and 2m,mA(S) 
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3,4-Bis(dodecyloxy)-5-methoxybenzoic acid (mA):  To a 95% ethanol 
solution (20 mL) of a mixture of m (140 mg, 0.26 mmol) and KOH (100 mg, 1.79 
mmol) was stirred for 2 h at 100 °C under a positive pressure of argon.  The emulsion 
became a clear solution, indicating the progress of the reaction.  The reaction mixture 
was cooled to RT and the solution was acidified with dilute HCl to pH 1.  The solution 
was poured into water (100 mL) to precipitate of a white solid.  The residue was 
chromatographed on silica gel with hexane/AcOEt (3/1 = v/v) as an eluent, where the 
last fraction was collected and evaporated under reduced pressure to give mA as white 
solid (100 mg, 0.19 mmol, 74%).  1H NMR (500 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 
7.35 (overlapped s, J = 2.9 Hz, 2H), 4.04 (m, 4H), 3.89 (s, 3H), 1.88-1.73 (m, 4H), 
1.53-1.21 (overlapped m, 36H), 0.88 (t, J = 6.9 and 7.4 Hz, 6H); 13C NMR (125 MHz, 
CDCl3, 25 °C, TMS) δ (ppm) = 171.3, 153.0, 142.8, 123.6, 107.8, 73.6, 69.2, 56.2, 31.9, 
30.2-26.1, 22.7, 14.1. 
 
3-{[(S)-3,7-dimethyloctyl]oxy}-4,5-bis(dodecyloxy)benzoic acid [1mA(S)]:  
To a 95% ethanol solution (20 mL) of a mixture of 1m(S) (110 mg, 0.17 mmol) and 
KOH (65 mg, 1.16 mmol) was stirred for 2 h at 100 °C under a positive pressure of 
argon.  The emulsion became a clear solution, indicating the progress of the reaction.  
The reaction mixture was cooled to RT and the solution was acidified with dilute HCl to 
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pH 1.  The solution was poured into water (100 mL) to precipitate of a white solid.  The 
residue was chromatographed on silica gel with hexane/AcOEt (3/1 = v/v) as an eluent, 
where the last fraction was collected and evaporated under reduced pressure to give 
1mA(S) as white solid (100 mg, 0.15 mmol, 88%).  1H NMR (500 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 7.34 (overlapped s, J = 2.9 Hz, 2H), 4.11-3.99 (m, 6H), 1.82-1.66 (m, 
6H), 1.51-1.12 (overlapped m, 44H), 0.95 (d, J = 6.3 Hz, 3H), 0.88 (m, 12H); 13C NMR 
(125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 172.1, 152.8, 143.1, 123.6, 108.5, 73.5, 
69.1, 67.5, 52.1, 39.2, 37.3, 36.2, 31.9, 30.3, 29.8-26.0, 24.7, 22.6, 19.6, 14.1. 
 
4-{[(S)-3,7-dimethyloctyl]oxy}-3,5-bis(dodecyloxy)benzoic acid [1pA(S)]:  
To a 95% ethanol solution (50 mL) of a mixture of 1p(S) (525 mg, 0.79 mmol) and 
KOH (312 mg, 5.56 mmol) was stirred for 2 h at 100 °C under a positive pressure of 
argon.  The emulsion became a clear solution, indicating the progress of the reaction.  
The reaction mixture was cooled to RT and the solution was acidified with dilute HCl to 
pH 1.  The solution was poured into water (200 mL) to precipitate of a white solid.  The 
residue was chromatographed on silica gel with hexane/AcOEt (3/1 = v/v) as an eluent, 
where the last fraction was collected and evaporated under reduced pressure to give 
1pA(S) as white solid (450 mg, 0.69 mmol, 87%).  1H NMR (500 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 7.32 (s, 2H), 4.18-3.98 (m, 6H), 1.87-1.67 (m, 6H), 1.57-1.44 (m, 6H), 
1.40-1.09 (overlapped m, 42H), 0.93 (d, J = 6.3 Hz, 3H), 0.87 (m, 12H); 13C NMR (125 
MHz, CDCl3, 25 °C, TMS) δ (ppm) = 172.2, 152.9, 143.0, 123.6, 108.5, 71.8, 69.4, 
52.1, 39.3, 37.4, 31.9, 29.3-26.1, 24.7, 22.6, 19.5, 14.1. 
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4-{[(R)-3,7-dimethyloctyl]oxy}-3,5-bis(dodecyloxy)benzoic acid [1pA(R)]: 
To a 95% ethanol solution (30 mL) of a mixture of 1p(R) (330 mg, 0.50 mmol) and 
KOH (196 mg, 3.50 mmol) was stirred for 2 h at 100 °C under a positive pressure of 
argon.  The emulsion became a clear solution, indicating the progress of the reaction.  
The reaction mixture was cooled to RT and the solution was acidified with dilute HCl to 
pH 1.  The solution was poured into water (150 mL) to precipitate of a white solid.  The 
residue was chromatographed on silica gel with hexane/AcOEt (3/1 = v/v) as an eluent, 
where the last fraction was collected and evaporated under reduced pressure to give 
1pA(R) as white solid (324 mg, 0.49 mmol, 99%).  1H NMR (500 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 7.32 (s, 2H), 4.18-3.98 (m, 6H), 1.87-1.67 (m, 6H), 1.57-1.44 (m, 6H), 
1.40-1.09 (overlapped m, 42H), 0.93 (d, J = 6.3 Hz, 3H), 0.87 (m, 12H); 13C NMR (125 
MHz, CDCl3, 25 °C, TMS) δ (ppm) = 172.2, 152.9, 143.0, 123.6, 108.5, 71.8, 69.4, 
52.1, 39.3, 37.4, 31.9, 29.3-26.1, 24.7, 22.6, 19.5, 14.1. 
 
3,5-Bis{[(S)-3,7-dimethyloctyl]oxy}-4-(dodecyloxy)benzoic acid [2m,mA 
(S)]: To a 95% ethanol solution (50 mL) of a mixture of 2m,m(S) (475 mg, 0.75 mmol) 
and KOH (295 mg, 5.26 mmol) was stirred for 2 h at 100 °C under a positive pressure 
of argon.  The emulsion became a clear solution, indicating the progress of the reaction.  
The reaction mixture was cooled to RT and the solution was acidified with dilute HCl to 
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pH 1.  The solution was poured into water (200 mL) to precipitate of a white solid.  The 
residue was chromatographed on silica gel with hexane/AcOEt (3/1 = v/v) as an eluent, 
where the last fraction was collected and evaporated under reduced pressure to give 
2m,mA(S) as white solid (420 mg, 0.67 mmol, 90%).  1H NMR (500 MHz, CDCl3, 25 
°C, TMS) δ (ppm) = 7.33 (s, 2H), 4.11-4.01 (m, 6H), 1.87 (m, 2H), 1.78-1.43 (m, 10H), 
1.39-1.20 (overlapped m, 28H), 0.95 (d, J = 6.9 Hz, 6H), 0.88 (m, 15H); 13C NMR (125 
MHz, CDCl3, 25 °C, TMS) δ (ppm) = 171.5, 152.8, 143.1, 123.6, 108.5, 73.5, 67.5, 
65.0, 58.5, 39.2, 37.3, 36.2, 31.9, 30.3, 29.8-26.0, 24.7, 22.6, 19.6, 14.1. 
2.3.3.3.  Synthesis of A, A-p, A-m, C1m(S), C1p(S), C1p(R), C2m,m(S), C3(S) and C3(R) 
 
Tris-{4-[3,4,5-tris(dodecyloxy)benzoylamino]phenyl}amine (A):  A 
thionyl chloride (50 mL) solution of A’ (1.02 g, 1.48 mmol) was refluxed for 6 h, and 
the reaction mixture was evaporated to dryness.  To a N-Methyl-2-pyrrolidone (NMP) 
solution (50 mL) of the residue were successively added a mixture of tris(4-
aminophenyl)amine (100 mg, 0.37 mmol), pyridine (5 mL) and excess LiCl was stirred 
for 2 h at 80 °C under a positive pressure of argon.  The solution was poured into 
ethanol (200 mL) to precipitate of a white solid.  The residue was chromatographed on 
silica gel with CHCl3/EtOH (99/1 = v/v) as an eluent, where the second fraction was 
collected and evaporated to dryness.  The residue was subjected to recycling preparative 
HPLC (YMC LC-forte/R) with CHCl3 as an eluent at a flow rate of 10 mL min–1, where 
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the first fraction was collected and evaporated to dryness under reduced pressure to give 
A as white solid (2.24 g, 0.25 mmol, 68%).  1H NMR (500 MHz, CDCl3, 25 °C, TMS) δ 
(ppm) = 7.83 (s, 3H), 7.50 (d, J = 9.2 Hz, 6H), 7.06 (m, 12H), 4.00 (m, 12H), 1.83-1.72 
(m, 18H), 1.52-1.15 (overlapped m, 168H), 0.88 (m, 27H); 13C NMR (125 MHz, CDCl3, 
25 °C, TMS) δ (ppm) = 165.6, 153.2, 144.2, 141.5, 132.9, 129.8, 124.4, 121.6, 105.8, 
73.6, 69.4, 31.9, 30.3-29.3, 26.1, 22.7, 14.1.  MALDI-TOF mass: m/z calculated, for 
compound A [M + H]+, 2259.88; Found: [M + H]+, 2260.16. 
 
Tris-{4-[3,5-bis(dodecyloxy)-4-methoxybenzoylamino]phenyl}amine (A-
p):  A thionyl chloride (10 mL) solution of pA (223 mg, 0.43 mmol) was refluxed for 6 
h, and the reaction mixture was evaporated to dryness.  To a NMP solution (20 mL) of 
the residue were successively added a mixture of tris(4-aminophenyl)amine (31 mg, 
0.11 mmol), pyridine (2 mL) and excess LiCl was stirred for 2 h at 80 °C under a 
positive pressure of argon.  The solution was poured into ethanol (100 mL) to 
precipitate of a white solid.  The residue was chromatographed on silica gel with 
CHCl3/EtOH (99/1 = v/v) as an eluent, where the second fraction was collected and 
evaporated to dryness.  The residue was subjected to recycling preparative HPLC (YMC 
LC-forte/R) with CHCl3 as an eluent at a flow rate of 10 mL min–1, where the first 
fraction was collected and evaporated to dryness under reduced pressure to give A-p as 
white solid (122 mg, 0.27 mmol, 63%).  1H NMR (500 MHz, CDCl3, 25 °C, TMS) δ 
(ppm) = 7.74 (s, 3H), 7.51 (d, J = 9.2 Hz, 6H), 7.08 (d, J = 9.2 Hz, 6H), 7.05 (s, 6H), 
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4.04 (t, J = 6.3 Hz, 12H), 3.89 (s, 9H), 1.82 (quint, J = 6.9 Hz, 12H), 1.51-1.21 
(overlapped m, 108H), 0.88 (t, J = 6.9 Hz, 18H); 13C NMR (125 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 165.5, 153.0, 144.2, 142.1, 132.9, 130.0, 124.4, 121.5, 105.8, 69.5, 
60.8, 31.9, 29.7-29.3, 26.0, 22.7, 14.1.  MALDI-TOF mass: m/z calculated, for 
compound A-p [M + H]+, 1797.36; Found: [M + H]+, 1797.60. 
 
Tris-{4-[3,4-bis(dodecyloxy)-5-methoxybenzoylamino]phenyl}amine (A-
m):  A thionyl chloride (5 mL) solution of mA (100 mg, 0.19 mmol) was refluxed for 6 
h, and the reaction mixture was evaporated to dryness.  To a NMP solution (10 mL) of 
the residue were successively added a mixture of tris(4-aminophenyl)amine (16 mg, 
0.054 mmol), pyridine (1 mL) and excess LiCl was stirred for 2 h at 80 °C under a 
positive pressure of argon.  The solution was poured into ethanol (50 mL) to precipitate 
of a white solid.  The residue was chromatographed on silica gel with CHCl3/EtOH 
(99/1 = v/v) as an eluent, where the second fraction was collected and evaporated to 
dryness.  The residue was subjected to recycling preparative HPLC (YMC LC-forte/R) 
with CHCl3 as an eluent at a flow rate of 10 mL min–1, where the first fraction was 
collected and evaporated to dryness under reduced pressure to give A-m as white solid 
(67 mg, 0.037 mmol, 69%).  1H NMR (500 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 7.86 
(s, 3H), 7.45 (d, J = 9.2 Hz, 6H), 7.06 (m, 12H), 4.01 (m, 12H), 3.87 (s, 9H), 1.86-1.71 
(m, 12H), 1.51-1.21 (overlapped m, 108H), 0.88 (m, 18H); 13C NMR (125 MHz, CDCl3, 
25 °C, TMS) δ (ppm) = 165.5, 153.3, 144.2, 141.0, 132.8, 129.8, 124.3, 121.6, 105.7, 
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104.4, 73.6, 69.3, 56.4, 31.9, 30.2-29.4, 26.0, 22.7, 14.1.  MALDI-TOF mass: m/z 
calculated, for compound A-m [M + H]+, 1797.36; Found: [M + H]+, 1797.58. 
 
Tris-[4-(3-{[(S)-3,7-dimethyloctyl]oxy}-4,5-bis(dodecyloxy)benzoylamino 
)phenyl]amine [C1m(S)]:  A thionyl chloride (5 mL) solution of 1mA(S) (100 mg, 0.15 
mmol) was refluxed for 6 h, and the reaction mixture was evaporated to dryness.  To a 
NMP solution (10 mL) of the residue were successively added a mixture of tris(4-
aminophenyl)amine (11 mg, 0.039 mmol), pyridine (1 mL) and excess LiCl was stirred 
for 2 h at 80 °C under a positive pressure of argon.  The solution was poured into 
ethanol (50 mL) to precipitate of a white solid.  The residue was chromatographed on 
silica gel with CHCl3/EtOH (99/1 = v/v) as an eluent, where the second fraction was 
collected and evaporated to dryness.  The residue was subjected to recycling preparative 
HPLC (YMC LC-forte/R) with CHCl3 as an eluent at a flow rate of 10 mL min–1, where 
the first fraction was collected and evaporated to dryness under reduced pressure to give 
C1m(S) as white solid (57 mg, 0.026 mmol, 67%).  1H NMR (500 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 7.67 (s, 3H), 7.51 (d, J = 8.6 Hz, 6H), 7.09 (d, J = 8.6 Hz, 6H), 7.04 
(ss, 6H), 4.03 (m, 18H), 1.92-1.10 (overlapped m, 150H), 0.95 (d, J = 6.9 Hz, 9H), 0.88 
(m, 36H); 13C NMR (125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 165.5, 153.3, 141.5, 
132.9, 129.9, 124.4, 121.4, 105.7, 73.5, 67.8, 39.2, 37.3, 36.4, 31.9, 30.3-29.4, 28.0, 
26.1, 24.7, 22.6, 19.6, 14.1.  MALDI-TOF mass: m/z calculated, for compound C1m(S) 
[M + H]+, 2175.78; Found: [M + H]+, 2176.12. 
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Tris-[4-(4-{[(S)-3,7-dimethyloctyl]oxy}-3,5-bis(dodecyloxy)benzoylamino 
)phenyl]amine [C1p(S)]:  A thionyl chloride (10 mL) solution of 1pA(S) (220 mg, 0.34 
mmol) was refluxed for 6 h, and the reaction mixture was evaporated to dryness.  To a 
NMP solution (20 mL) of the residue were successively added a mixture of tris(4-
aminophenyl)amine (25 mg, 0.085 mmol), pyridine (2 mL) and excess LiCl was stirred 
for 2 h at 80 °C under a positive pressure of argon.  The solution was poured into 
ethanol (100 mL) to precipitate of a white solid.  The residue was chromatographed on 
silica gel with CHCl3/EtOH (99/1 = v/v) as an eluent, where the second fraction was 
collected and evaporated to dryness.  The residue was subjected to recycling preparative 
HPLC (YMC LC-forte/R) with CHCl3 as an eluent at a flow rate of 10 mL min–1, where 
the first fraction was collected and evaporated to dryness under reduced pressure to give 
C1p(S) as white solid (67 mg, 0.031 mmol, 36%).  1H NMR (500 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 7.81 (s, 3H), 7.50 (d, J = 8.6 Hz, 26H), 7.06 (m, 12H), 4.04 (m, 18H), 
1.92-1.67 (m, 18H), 1.58-1.42 (m, 18H), 1.40-1.12 (overlapped m, 114H), 0.93 (d, J = 
6.3 Hz, 9H), 0.88 (m, 36H); 13C NMR (125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 
165.5, 153.2, 144.1, 141.4, 132.9, 129.8, 124.3, 121.5, 105.7, 71.8, 69.4, 39.3, 37.4, 
31.9, 29.7-29.4, 28.0, 26.1, 24.7, 22.6, 19.5, 14.1.  MALDI-TOF mass: m/z calculated, 
for compound C1p(S) [M + H]+, 2175.78; Found: [M + H]+, 2176.01. 
Design and synthesis of propeller-shaped TPA derivatives 
 
 43 
 
Tris-[4-(4-{[(R)-3,7-dimethyloctyl]oxy}-3,5-bis(dodecyloxy)benzoylamino 
)phenyl]amine [C1p(R)]:  A thionyl chloride (10 mL) solution of 1pA(R) (332 mg, 0.50 
mmol) was refluxed for 6 h, and the reaction mixture was evaporated to dryness.  To a 
NMP solution (20 mL) of the residue were successively added a mixture of tris(4-
aminophenyl)amine (36 mg, 0.13 mmol), pyridine (2 mL) and excess LiCl was stirred 
for 2 h at 80 °C under a positive pressure of argon.  The solution was poured into 
ethanol (100 mL) to precipitate of a white solid.  The residue was chromatographed on 
silica gel with CHCl3/EtOH (99/1 = v/v) as an eluent, where the second fraction was 
collected and evaporated to dryness.  The residue was subjected to recycling preparative 
HPLC (YMC LC-forte/R) with CHCl3 as an eluent at a flow rate of 10 mL min–1, where 
the first fraction was collected and evaporated to dryness under reduced pressure to give 
C1p(R) as white solid (95 mg, 0.044 mmol, 34%).  1H NMR (500 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 7.69 (s, 3H), 7.50 (d, J = 8.6 Hz, 26H), 7.07 (m, 12H), 4.05 (m, 18H), 
1.90-1.67 (m, 18H), 1.58-1.43 (m, 18H), 1.41-1.12 (overlapped m, 114H), 0.93 (d, J = 
6.3 Hz, 9H), 0.88 (m, 36H); 13C NMR (125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 
165.5, 153.3, 144.2, 141.5, 133.0, 129.9, 124.4, 121.5, 105.8, 71.8, 69.5, 39.4, 37.5, 
32.0, 29.7-29.4, 28.0, 26.1, 24.7, 22.7, 19.6, 14.1.  MALDI-TOF mass: m/z calculated, 
for compound C1p(R) [M + H]+, 2175.78; Found: [M + H]+, 2175.79. 
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Tris-[4-(3,5-Bis{[(S)-3,7-dimethyloctyl]oxy}-4-(dodecyloxy)benzoylamino 
)phenyl]amine [C2m,m(S)]:  A thionyl chloride (10 mL) solution of 2m,mA(S) (210 mg, 
0.34 mmol) was refluxed for 6 h, and the reaction mixture was evaporated to dryness.  
To a NMP solution (20 mL) of the residue were successively added a mixture of tris(4-
aminophenyl)amine (25 mg, 0.085 mmol), pyridine (2 mL) and excess LiCl was stirred 
for 2 h at 80 °C under a positive pressure of argon.  The solution was poured into 
ethanol (100 mL) to precipitate of a white solid.  The residue was chromatographed on 
silica gel with CHCl3/EtOH (99/1 = v/v) as an eluent, where the second fraction was 
collected and evaporated to dryness.  The residue was subjected to recycling preparative 
HPLC (YMC LC-forte/R) with CHCl3 as an eluent at a flow rate of 10 mL min–1, where 
the first fraction was collected and evaporated to dryness under reduced pressure to give 
C2m,m(S) as white solid (98 mg, 0.048 mmol, 56%).  1H NMR (500 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 7.86 (s, 3H), 7.50 (d, J = 9.2 Hz, 6H), 7.06 (m, 12H), 4.02 (m, 18H), 
1.91-1.43 (m, 36H), 1.41-1.08 (overlapped m, 74H), 0.93 (d, J = 6.9 Hz, 18H), 0.87 (m, 
45H); 13C NMR (125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 165.6, 153.2, 144.1, 141.4, 
132.9, 129.8, 124.3, 121.6, 105.7, 73.5, 67.7, 39.2, 37.3, 36.3, 31.9, 30.3-29.4, 28.0, 
26.1, 24.7, 22.6, 19.6, 14.1.  MALDI-TOF mass: m/z calculated, for compound C2m,m(S) 
[M + H]+, 2091.69; Found: [M + H]+, 2091.97. 
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Tris-[4-Tris(-3,4,5-{[(S)-3,7-dimethyloctyl]oxy}benzoylamino)phenyl] 
amine [C3(S)]:  A thionyl chloride (30 mL) solution of 3A(S) (481 mg, 0.79 mmol) was 
refluxed for 6 h, and the reaction mixture was evaporated to dryness.  To a NMP 
solution (30 mL) of the residue were successively added a mixture of tris(4-
aminophenyl)amine (65 mg, 0.22 mmol), pyridine (3 mL) and excess LiCl was stirred 
for 2 h at 80 °C under a positive pressure of argon.  The solution was poured into 
ethanol (150 mL) to precipitate of a white solid.  The residue was chromatographed on 
silica gel with CHCl3/EtOH (99/1 = v/v) as an eluent, where the second fraction was 
collected and evaporated to dryness.  The residue was subjected to recycling preparative 
HPLC (YMC LC-forte/R) with CHCl3 as an eluent at a flow rate of 10 mL min–1, where 
the first fraction was collected and evaporated to dryness under reduced pressure to give 
C3(S) as white solid (212 mg, 0.11 mmol, 50%).  1H NMR (500 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 7.82 (s, 3H), 7.50 (d, J = 9.2 Hz, 6H), 7.07 (m, 12H), 4.05 (m, 18H), 
1.92-1.46 (m, 36H), 1.41-1.08 (overlapped m, 54H), 0.93 (m, 27H), 0.87 (d, J = 6.3 Hz, 
54H); 13C NMR (125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 165.6, 153.2, 144.2, 141.4, 
132.9, 129.8, 124.4, 121.6, 105.7, 71.8, 67.7, 39.3, 37.4, 36.3, 29.8, 29.6, 28.0, 24.7, 
22.6, 19.6.  MALDI-TOF mass: m/z calculated, for compound C3(S) [M + H]+, 2007.59; 
Found: [M + H]+, 2007.91. 
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Tris-[4-Tris(-3,4,5-{[(R)-3,7-dimethyloctyl]oxy}benzoylamino)phenyl] 
amine [C3(R)]:  A thionyl chloride (10 mL) solution of 3A(R) (207 mg, 0.34 mmol) 
was refluxed for 6 h, and the reaction mixture was evaporated to dryness.  To a NMP 
solution (20 mL) of the residue were successively added a mixture of tris(4-
aminophenyl)amine (28 mg, 0.10 mmol), pyridine (2 mL) and excess LiCl was stirred 
for 2 h at 80 °C under a positive pressure of argon.  The solution was poured into 
ethanol (100 mL) to precipitate of a white solid.  The residue was chromatographed on 
silica gel with CHCl3/EtOH (99/1 = v/v) as an eluent, where the second fraction was 
collected and evaporated to dryness.  The residue was subjected to recycling preparative 
HPLC (YMC LC-forte/R) with CHCl3 as an eluent at a flow rate of 10 mL min–1, where 
the first fraction was collected and evaporated to dryness under reduced pressure to give 
C3(R) as white solid (109 mg, 0.054 mmol, 54%).  1H NMR (500 MHz, CDCl3, 25 °C, 
TMS) δ (ppm) = 7.68 (s, 3H), 7.51 (d, J = 9.2 Hz, 6H), 7.08 (m, 12H), 4.05 (m, 18H), 
1.87-1.47 (m, 36H), 1.42-1.09 (overlapped m, 54H), 0.94 (m, 27H), 0.86 (d, J = 6.3 Hz, 
54H); 13C NMR (125 MHz, CDCl3, 25 °C, TMS) δ (ppm) = 165.5, 153.3, 144.3, 141.5, 
132.9, 129.8, 124.4, 121.5, 105.7, 71.8, 67.8, 39.3, 37.4, 36.4, 29.8, 29.6, 28.0, 24.7, 
22.6, 19.6.  MALDI-TOF mass: m/z calculated, for compound C3(R) [M + H]+, 
2007.59; Found: [M + H]+, 2007.65. 
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Figure 2.1  (a) 1H NMR spectrum (500 MHz) of A in CDCl3 at 25 °C. 
 
 
 
Figure 2.1  (b) 13C NMR spectrum (125 MHz) of A in CDCl3 at 25 °C.  
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Figure 2.2  (a) 1H NMR spectrum (500 MHz) of A-p in CDCl3 at 25 °C. 
 
 
 
Figure 2.2  (b) 13C NMR spectrum (125 MHz) of A-p in CDCl3 at 25 °C.  
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Figure 2.3  (a) 1H NMR spectrum (500 MHz) of A-m in CDCl3 at 25 °C. 
 
 
 
Figure 2.3  (b) 13C NMR spectrum (125 MHz) of A-m in CDCl3 at 25 °C.  
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Figure 2.4  (a) 1H NMR spectrum (500 MHz) of C1m(S) in CDCl3 at 25 °C. 
 
 
 
Figure 2.4  (b) 13C NMR spectrum (125 MHz) of C1m(S) in CDCl3 at 25 °C.  
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Figure 2.5  (a) 1H NMR spectrum (500 MHz) of C1p(S) in CDCl3 at 25 °C. 
 
 
 
Figure 2.5  (b) 13C NMR spectrum (125 MHz) of C1p(S) in CDCl3 at 25 °C.  
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Figure 2.6  (a) 1H NMR spectrum (500 MHz) of C1p(R) in CDCl3 at 25 °C. 
 
 
 
Figure 2.6  (b) 13C NMR spectrum (125 MHz) of C1p(R) in CDCl3 at 25 °C.  
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Figure 2.7  (a) 1H NMR spectrum (500 MHz) of C2m,m(S) in CDCl3 at 25 °C. 
 
 
 
Figure 2.7  (b) 13C NMR spectrum (125 MHz) of C2m,m(S) in CDCl3 at 25 °C.  
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Figure 2.8  (a) 1H NMR spectrum (500 MHz) of C3(S) in CDCl3 at 25 °C. 
 
 
 
Figure 2.8  (b) 13C NMR spectrum (125 MHz) of C3(S) in CDCl3 at 25 °C.  
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Figure 2.9  (a) 1H NMR spectrum (500 MHz) of C3(R) in CDCl3 at 25 °C. 
 
 
 
Figure 2.9  (b) 13C NMR spectrum (125 MHz) of C3(R) in CDCl3 at 25 °C. 
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Figure 2.10  MALDI-TOF-MS spectrum of A using CHCA as a matrix. The peak due 
to [M – RCO + H]+ became more intense when a larger laser power was applied. 
Therefore, the laser power was adjusted to be as small as possible in order to avoid 
fragmentation. 
 
 
Figure 2.11  MALDI-TOF-MS spectrum of A-p using CHCA as a matrix. The peak due 
to [M – RCO + H]+ became more intense when a larger laser power was applied. 
Therefore, the laser power was adjusted to be as small as possible in order to avoid 
fragmentation.  
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Figure 2.12  MALDI-TOF-MS spectrum of A-m using CHCA as a matrix. The peak due 
to [M – RCO + H]+ became more intense when a larger laser power was applied. 
Therefore, the laser power was adjusted to be as small as possible in order to avoid 
fragmentation. 
 
 
Figure 2.13  MALDI-TOF-MS spectrum of C1m(S) using CHCA as a matrix. The peak 
due to [M – RCO + H]+ became more intense when a larger laser power was applied. 
Therefore, the laser power was adjusted to be as small as possible in order to avoid 
fragmentation.  
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Figure 2.14  MALDI-TOF-MS spectrum of C1p(S) using CHCA as a matrix. The peak 
due to [M – RCO + H]+ became more intense when a larger laser power was applied. 
Therefore, the laser power was adjusted to be as small as possible in order to avoid 
fragmentation. 
 
 
Figure 2.15  MALDI-TOF-MS spectrum of C1p(R) using CHCA as a matrix. The peak 
due to [M – RCO + H]+ became more intense when a larger laser power was applied. 
Therefore, the laser power was adjusted to be as small as possible in order to avoid 
fragmentation.  
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Figure 2.16  MALDI-TOF-MS spectrum of C2m,m(S) using CHCA as a matrix. The 
peak due to [M – RCO + H]+ became more intense when a larger laser power was 
applied. Therefore, the laser power was adjusted to be as small as possible in order to 
avoid fragmentation. 
 
 
Figure 2.17  MALDI-TOF-MS spectrum of C3(S) using CHCA as a matrix. The peak 
due to [M – RCO + H]+ became more intense when a larger laser power was applied. 
Therefore, the laser power was adjusted to be as small as possible in order to avoid 
fragmentation.  
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Figure 2.18  MALDI-TOF-MS spectrum of C3(R) using CHCA as a matrix. The peak 
due to [M – RCO + H]+ became more intense when a larger laser power was applied. 
Therefore, the laser power was adjusted to be as small as possible in order to avoid 
fragmentation. 
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3.1  Introduction 
The helix has attracted wide attention of material scientists owing to its vital 
roles in biological systems and the potential for practical applications such as chiral 
separation or asymmetric catalysis as well as its structural beauty.1-11  The helix is 
intrinsically chiral and can be either left- and right-handed.  Hence, in order to take the 
best of their potential, it is important to selectively synthesize or isolate one-handed 
helices.  For this purposes, it is the most simple and established method that to 
introduce chiral auxiliaries into helical racemate at molecular and supramolecular 
levels. 5,12-15  Due to the presence of an extra chiral source, left- and right-handed helices 
become a diastereomer of each other and, as a result, one of two helices is selectively 
obtainable.  On the other hand, such introductions of chiral auxiliaries alter the 
conformation of helices and their physical properties as well.  Therefore, it is desirable 
to control the handedness of helices with a less amount of chiral auxiliaries in terms of 
helicity control.  For example, some achiral monomers, giving a racemic mixture of 
both right- and left-handed helices through their polymerization, can be biased to one-
handed helices via copolymerization with a small amount of chiral monomers.  Because 
a small fraction of chiral monomers governs the chiral conformations of a large amount 
of achiral monomers, it is known as sergeant (chiral monomer) and soldier (achiral 
monomers) principle.14,25,26  There are two important parameters to describe this 
phenomenon, which results in one-handed helices with a less amount of sergeants.  One 
is mismatch penalty (MMP), which is an energetic penalty paid by a system when 
sergeants are incorporated in unpreferred helices. The other one is helical reversal 
pernalty (HRP), correspond to the energetic barrier to invert the helicity of 
supramolecular helices.  As these two parameters increase, helicity of the corresponding 
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helices can be controlled with a less amount of sergeants.  As the best example of 
sergeant and soldier principle, some helical polymers, consisting of achiral monomers, 
are known to perfectly control their helicity only with chiral initiators.   By realizing 
high MMP, the initiator surely controls the helicity of the dimers obtained by the 
initiation reaction, while large HRP allows for stereoselective polymerization of achiral 
monomers according to the helicity of the dimer.  Because one chiral molecule 
(initiator) controls the chiral conformation of a large amount of achiral monomers, 
indicating that the degree of chiral amplification reaches many thousands. 
  On the other hand, the degree of chiral amplification for the sergeant and 
soldier principle of the dynamic supramolecular helices is not so high.   Even though 
MMP of sergeant can be simply increased by introducing a large number of chiral side 
chains per sergeant, which not necessarily give high chiral amplification, possibly 
because they are not efficiently incorporated into the corresponding supramolecular 
helices due to the steric hindrance of chiral side chains.  Therefore, in order to realize 
high chiral amplification for dynamic supramolecular helices, it is important to increase 
MMP without decreasing the association constant for the resultant asssembly. 
  Here we report the unprecedentedly high amplification of supramolecular 
chirality in sergeants and soldiers system using a propeller-shaped aromatic core in 
which only one sergeant controls the supramolecular helices with 500 soldiers on 
average (Scheme 3.1).  Through the systematic studies, we elucidated how such 
propeller conformation realized the high MMP with the stereogenic centers in their side 
chains.  Furthermore, we have substantiated the hierarchy of sergeant molecules 
depending on the MMP.  The unique features of propeller-shaped compounds could 
give a fresh insight into supramolecular chirality beyond that of conventional molecular 
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assemblies.  
 
Scheme 3.1.  Schematic illustration of the self-assembly of propeller-shaped TPA 
molecules and amplification of their supramolecular chirality.  
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3.2  Propeller conformation of TPA in supramolecular helices 
This study began with simple curiosity on whether TPA, a propeller-shaped 
molecule, selectively adopts left- or right-handed conformation according to the 
handedness of supramolecular helices.  For this purpose, I first performed the density 
functional theory (DFT) computational study,16,17 to predict the optimal conformation of 
trimeric A1, a simplified model compound consisting of a propeller-shaped TPA as a 
core and three methoxylated benzamide groups (Figure 3.1a).  As expected, the 
obtained DFT calculation result model supported that A1 formed a helical trimer 
through intermolecular hydrogen bonding of the amides and all of TPA cores 
selectively adopted the same propeller chirality.  Inspired by this result, I have 
synthesized the similar TPA derivatives (Figure 2.1) and investigated their self-
assembling behavior in cyclohexane.  The dynamic light scattering (DLS) 
measurements suggested that A12 was molecularly dispersed in cyclohexane at 75 °C 
and formed supramolecular aggregates at low temperature (25 °C, Figure 3.1b).  
Although the absorption spectra of A12 at 75 ºC and at 25 ºC were very similar to one 
another (Figure 3.1c), a characteristic valley in the spectra around 315 nm appeared at 
55 ºC on cooling process, indicating that formation of the supramolecular aggregates.  A 
tapping-mode atomic force microscopy (AFM) measurement of the air-dried sample on 
a silicon wafer reveals that A12 forms one-dimensional supramolecular polymers in 
cyclohexane possibly by connecting one another through the intermolecular hydrogen 
bondings together with π-π interactions (Figure 3.1d).  On the other hand, C3(R) 
exhibits the characteristic CD spectrum in cyclohexane with clear exciton splitting at 
312 nm and 328 nm (Figure 3.2a).  Furthermore, C3(S) gives the mirror image CD 
spectrum of that with C3(R) under the same condition, indicating that they formed one-
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handed helices (Figure 3.2a).  Considering the result of DFT calculation together with 
the similarity in the absorption spectra between A12 and C3(S) of their assembled states 
(Figure 3.2), we concluded that A12 also forms supramolecular helices though they are a 
racemic mixture of left- and right-handed helices. 
 
Figure 3.1. (a) Schematic representation of a possibly stacked structure in the 
supramolecular polymers. The molecular assembly model was optimized by DFT 
calculation.  (b) UV/Vis absorption spectra for 30 µM of A12 and,  (c) Size distribution 
for 100 µM of A12 in cyclohexane measured by dynamic light scattering (DLS) 
instrument at assembled state, 25 ºC, and at molecular dissolved state, 75 ºC, 
respectively.  
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Figure 3.2.  (a) Full CD absorption spectra for 30 µM mixture of A12, C3(R) and C3(S) 
at 25 ºC in cyclohexane.  (a) Full UV/Vis absorption spectra for 30 µM mixture of A12, 
C1p(S), C1m(S), C2m,m(S) and C3(S) at 25 ºC in cyclohexane.   
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In order to scrutinize whether TPA core selectively adopts one of two 
propeller conformations according to the helicity of the supramolecular helices, we 
performed vibrational circular dichroism (VCD) measurements18-20 of the 
methylcyclohexane solution of C3(R) and C3(S), respectively.  As shown in Figure 3.3a, 
they exhibited clear mirror images spectra of one another except for a few wavenumber 
ranges, highlighted in grey, due to the large absorption by solvents.  The VCD peaks 
between 1639 cm-1 and 1584 cm-1 correspond with the stretching vibration of C=O bond 
and the bending vibration of N-H bond, respectively.18-22  It suggests that the amide 
groups forms a helical array in the assembled state.  Moreover, strong absorption bands 
with Cotton effect around 1500 cm-1 correspond with the stretching vibration of the C=C 
double bonds of the aromatic groups of both TPA and the side chains.21,22  Furthermore, 
the peaks at around 1322 cm–1 and 1242 cm–1 correspond to C-N stretching vibrational 
bands of the outer amine linked with TPA and the central amine presented in TPA, 
respectively.  Those VCD data clearly suggests that the propeller chirality of TPA 
monomers are linked with the handedness of the supramolecular helices.  However, 
only with these VCD spectra, it is difficult to exclude the possibility that the propeller 
chirality of TPA is decided by the side chain chirality.  Hence, we performed VCD 
experiments of a mixed system with A12/C3(R) and A12/C3(S), respectively, at the mole 
ratio of 9 to 1.  As a result, we obtained almost identical VCD results to those with only 
C3(R) and C3(S), indicating that TPA adopts a single propeller chirality according to the 
helicity of the supramolecular helices (Figure 3.3). 
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Figure 3.3. VCD (upper) and IR (lower) spectra at 20 ºC for 5 mM of (a) C3(R) and 
C3(S), and of (b) A12 with 10 mol% C3(R) and A12 with 10 mol% C3(S) in 
methylcyclohexane (MCHex), respectively. Dashed line displayed IR spectra of 
MCHex carrying interference because of high absorption.  FT-IR spectra for 5 mM of 
(c) Enantiomeric Pure C3(R) and C3(S) and (d) 1:1 Mixture of A/C3(R) and A/C3(S) in 
methylcyclohexane at 25 °C.  Stretching vibration bands at 1322 cm-1 (blue) and 1242 
cm-1 (green) assigned C-N vibrational modes of the outer amine linked with TPA and 
the central amine presented in TPA, respectively.  Each absorption band assigned 
according to previous report.  
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3.3  High amplification of supramolecular chirality 
During a course of the above studies, we noticed that one-handed 
supramolecular helices of A12 can be obtained with unusually a small fraction of C3(S).  
In order to accurately estimate how small fraction of C3(S) can fully bias the helicity of 
the supramolecular helices of A12, I performed sergeants and soldiers experiment over 
various fraction of C3(S).  As shown in Figure 3.4a and 3.4b, the plots of CD intensities 
of the peak tops at 232, 253, 311, and 367 nm decreased as the fraction of C3(S) 
decreased with two characteristic features regardless of the peak top positions.  The first 
feature is the minor change of the CD intensity around 40 mol% of fraction.  The same 
feature was observed in the plots of electronic absorption at the same wavelengths 
(Figure 3.4d). Although the electronic absorption spectra of A12 and C3(S) are almost 
identical to one another, the peak tops of C3(S) are red-shifted by 1 ~ 2 nm on average 
(Figure 3.4c), meaning that the helical conformation of the supramolecular helices of 
A12 and C3(S) are slightly different.  We assumed that a co-assembly of A12 and C3(S) 
adopted a helical conformation similar to either homo-assembly of A12 or that of C3(S), 
and the transition of such helical conformation occurred around 40 mol% fraction of 
C3(S), resulting in the observed discontinuous changes of g-values.  The second feature 
is the drastic and discontinuous changes observed at very small fraction of C3(S) simply 
because the fraction of C3(S) was too small to fully bias the helicity of supramolecular 
helices of A12.  Therefore, in the following studies, I used the plots of CD intensity at 
252 nm normalized by the value at 20% fraction of C3(S), because the absorption at 252 
nm showed the minimum absorption change over the various fraction of C3(S).  To  
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Figure 3.4  (a) Full CD and (c) UV/Vis absorption spectra, and (e) g-value for 30 µM 
mixture of A12 and C3(S) at various fraction of C3(S) in cyclohexane, respectively.  (b) 
CD effect versus fraction of sergeants for 30 µM mixture of A/C3(S) at several 
wavelength.  (d) UV/Vis absorbance versus fraction of sergeants for 30 µM mixture of 
A/C3(S) at several wavelength.  (f) g-value versus fraction of sergeants for 30 µM 
mixture of A/C3(S) at several wavelength. 
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quantify CD effect more correctly, the g-value was derived from measured CD and 
UV/Vis absorption spectra.  It is noteworthy that g-value is independent of the 
concentration and of the pathlength, which is not necessarily to be known or measured.  
In order to clarify how much g-values decrease or increase as a function of fraction of 
sergeants, we used the net helicity as a probe for the degree of chiral amplification.  
Accordingly, the net helicity is obtained from dividing the g-value for a certain 
composition the g-value for 20 mol% fraction of sergeants at 252 nm.  As shown in the 
inset of Figure 3.5a, we clearly concluded that the net helicity was saturated with an 
addition of 0.3 mol% fraction of sergeants.  In other words, one molecule of C3(S) 
control the helicity of supramolecular helices with 333 molecules of A12 on average.  At 
such high level of chiral amplification, the average length of supramolecular helices 
might affect the result.  However, the degree of chiral amplification of this system 
showed no change even at 10-fold diluted concentration (Figure 3.5b), suggesting that 
the average length of supramolecular helices is ineffective for the corresponding 
concentration ranges.24  To the best of my knowledge, so far 1 mol% sergeant was the 
minimum fraction to fully bias the handedness of supramolecular helices of soldiers.23  
Hence, my TPA system unexpectedly exceeded the limit of the conventional sergeants 
and soldiers system. 
In order to understand the origin of this high amplification of supramolecular 
chirality, we estimated mismatch penalty (MMP) and helical reversal penalty (HRP) 
according to the amplification model developed by Meijer and coworker.14,25,26  Here 
MMP is an energetic penalty paid by a system when sergeants are incorporated in 
unpreferred helices.  On the other hand, HRP corresponds to the energetic barrier to 
invert the helicity of supramolecular helices.  In general (sergeants and soldiers system),  
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Figure 3.5  (a) Net helicity versus fraction of sergeants for 30 µM mixture of A12/C3(S). 
Contour plot of the sum of squared residuals obtained from fitting A12/C3(S) Sergeant-
and-Soldiers data with the minimum at which the dotted lines cross (σ = 6.3·10–8 and ω 
= 0.68, please see the experimental section).  (b) Net helicity versus fraction of 
sergeants for mixture of A12/C3(S) depends on concentration in the range of 1 ~ 150 
µM.  The trace of net helicity is almost independent of the concentration of mixed 
system. 
 
 
Table 3.1  Energy Penalties Determined from Fitting the Sergeants-and-Soldiers Data 
Molecular core HRP (kJ mol-1) MMP (kJ mol-1) 
Triphenylamine 20.5 1.0 
Benzene tricarboxamide25 12.6 > 0.5 
Porphyrin26 16.6 0.2 
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degree of chiral amplification increases as those values increase.  Interestingly, a mixed 
system of A12 and C3(S) showed the highest MMP and HRP values in those ever 
reported (Table 3.1).14,25,26  Compared to previous sergeants and soldiers system with 
conventional supramolecular helices, the propeller conformation of TPA is only a 
characteristic feature in molecular design.  Hence, I assumed that this structural feature 
was key factor for such high amplification of supramolecular chirality.  Because the 
propeller conformation of TPA is determined from the helicity of their supramolecular 
helices, an extra HRP is generated from the rotational barrier of TPA propeller to invert 
the supramolecular helices.  As a result, high HRP is exhibited in the supramolecular 
helices of propeller-shaped TPA derivatives.  On the other hand, it is more difficult to 
discuss the underlying mechanism to decide the degree of MMP than that of HRP.  
Particularly when the stereogenic centers are introduced in flexible side chains, it is 
difficult to predict what kinds of conformation they adopt and how they interact one 
another.  However, in contrast to conventional supramolecular helices, there is an extra 
origin of MMP in our system (the assembly of TPA derivatives), which is the MMP 
between the side chain chirality and chiral propeller conformation of TPA.  Therefore, 
we assume that the observed result is originated in the general feature of the propeller-
shaped molecules. 
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3.4  Effect of the position of side chain in chiral amplification 
To further elucidate the origin of MMP and improve the record of the chiral 
amplification, we prepared the various sergeant and soldiers (Figure 2.1).  Fortunately, 
all the samples show almost identical absorption spectra to one another (Figure 3.2b and 
3.6a,c).  Hence, the following discussions are based on the assumption that those TPA 
derivatives form the supramolecular helices with the same conformations as A12 and 
C3(S).  At first, we investigated the degree of chiral amplification in the mixed system 
with A12 and chiral analogues C1m(S), C1p(S), C2m,m(S), respectively, whose names are 
after the number and position of the stereogenic centers present in their side chains.  As 
shown in Figure 3.6b, C1p(S) showed the lowest chiral amplification whereas C1m(S) 
and C2m,m(S) showed almost identical degree of chiral amplification to that of C3(S), 
suggesting that the role of the side chain chirality at para- and meta-positions are totally 
different from one another.  Because the side chains at meta-positions sterically hinders 
the rotation of the phenyl groups to which those side chains are attached, such 
anomalous difference between the side chain chirality at para- and meta-position might 
be the origin of MMP between the propeller-conformation and the stereogenic centers.  
The same trend was also observed for the soldiers.  When the achiral TPA derivatives, 
A-p and A-m, whose a long alkyl at para- and meta-positions are replaced by a methyl 
group, respectively, are mixed with C3(S), A-p showed the almost identical degree of 
chiral amplification with that of A12.  On the other hand, A-m showed the much lower 
degree of chiral amplification.  More interestingly, a mixed system of A-p and C3(S) 
surely showed the higher degree of chiral amplification than that with A12 and C3(S).  
0.2 mol% of C3(S) forces to fully bias the helicity of supramolecular helices of A12, 
meaning that only one molecule of C3(S) molecule controls the supramolecular helices 
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with 500 molecules of A12 on average.  This is the champion record for the sergean-
soldier system so far reported. 
 
 
 
 
 
Figure 3.6  (a) Full CD spectra for 30 µM A12, C1p(S), C1m(S), C2m,m(S) and C3(S) at 25 
ºC in cyclohexane.  (b) Net helicity versus fraction of sergeants for 30 µM mixture of 
A12/C1p(S), A12/C1m(S), A12/C2m,m(S) and A12/C3(S).  (c) Full UV/Vis absorption spectra 
for 30 µM A12, A-p and A-m at 25 ºC in cyclohexane.  (d) Net helicity versus fraction of 
sergeants for 30 µM mixture of A12/C3(S), A-p/C3(S) and A-m/C3(S). 
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3.5  Hierarchy of propeller-shaped chiral sergeants 
  It is noteworthy that the degree of chiral amplification can be compared over 
the various TPA derivatives because their helical conformations are almost identical to 
one another (Figure 3.2b and 3.6a,c), which is not necessarily realized by 
supramolecular helices with planar π-conjugated molecules such as perylene bisimide.27  
Furthermore, it is quite rare that the degree of chiral amplification drastically changes 
just by altering the position of the stereogenic centers.  By utilizing these unique 
features, we finally demonstrated the hierarchy of the chiral TPA derivatives as 
sergeants.  As shown in figure 3.7a, in the presence of 4 mol% of C3(R), the mixed 
system of A12 and C1p(S) exhibited the constant CD intensity regardless of the fraction 
of C1p(S).  Note that, C1p(S) can behave as a sergeant in the mixed system with C1p(S) 
and A12.  On the other hand, C1p(S) behaves like a solider in the presence of C3(R), 
suggesting the hierarchy of the sergeants and soldiers systems.  The same thing hold 
true for the majority rule experiments of C1p(R)/C1p(S).  In the presence of 5 mol% of 
C3(R), the mixed system of C1p(R) and C1p(S) showed the constant CD signal 
independent of enantiomeric excess C1p(R)/C1p(S) (Figure 3.7b). 
As shown in Figure 3.7c, when A12 dissolved in (S)-limonene, the resultant 
supramolecular helices displayed an optical activity (black line), which was 
corresponded with the supramolecular helix of C3(S) in cyclohexane.  It reveals that the 
handedness of racemic supramolecular helices was biased in the presence of chiral 
solvent, (S)-limonene.  On the other hand, C3(R) showed identical CD spectra either in 
cyclohexane or in (S)-limonene (purple line in Figure 3.7c), indicating that the 
handedness of the resultant supramolecular helix was determined by its intrinsic 
chirality regardless of the chirality of solvent.  Indeed, the implementation of chiral 
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amplification was also occurred for the mixture of A12 and C3(R) in (S)-limonene.  As 
increasing the fraction of C3(R), the CD intensity for co-assembly of A12/C3(R) decrease 
and the CD spectra was finally displayed opposite spectra at 10 mol% of C3(R) in (S)-
limonene (Figure 3.7c,d).  Consequently, we found that the strong sergeants could 
control the helicity of the other weak chiral analogues regardless of their ancient 
chirality.  This is the first example of high amplification, which has not been convinced 
in conventional supramolecular helices. 
 
 
Figure 3.7  (a) Net helicity versus fraction of sergeants for 30 µM mixture of 
C1p(S)/C3(R) in cyclohexane.  (b) Net helicity versus fraction of enantiomeric excess for 
30 µM mixtures of C1p(R)/C1p(S) in the presence of 5 mol% C3(R) in cylohexane. Black 
line displayed the experimental result of conventional majority rule of C1p(R)/C1p(S).  
(c) Full CD spectra for 30 µM mixture of A12 and C3(R) at various fraction of C3(R) in 
(S)-limonene.  (d) Net Helicity versus fraction of sergeants for 30 µM mixture of 
A12/C3(R) in (S)-limonene.  
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3.6  Conclusion 
  In conclusion, we have demonstrated that the unprecedented amplification of 
supramolecular chirality of TPA derivatives originated by efficient transferring chirality 
of side chains into the propeller chirality of aromatic core.  By investigating the self-
assembly behavior of each TPA compound, I clarified that the side chains at meta-
positions of outer phenyls and its stereogenic center promote the formation of 
supramolecular nuclei and induce the world best chiral amplification with only 0.2 
mol% of chiral sergeants.  This unique system is not only promising for the growing 
field of supramolecular chirality but also interesting for investigating the origin of 
symmetry breaking of the biological system on the earth. 
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3.7  Experimental section 
3.7.1  Quantification of sergeants and soldiers data 
For all sergeants and soldiers and mixed majority rules experiments, 3.0×10–5 
M cyclohexane solutions of chiral sergeants and achiral soldiers were mixed in different 
feed ratios.  The pre-mixed solution were heating up to 75 ºC at molecular dissolved 
state and cooling to RT at -1 ºC min-1.  The samples were aged overnight and measured. 
To quantify the sergeants and soldiers data of A12/C3(S), the g-values at 252 
nm were converted into the dimensionless net helicity and fitted into a least-squares 
model developed by van der Schoot.  Fitting of the data will yield the dimensionless 
energy penalties, σ and ω, which are related to the HRP and the MMP via σ = exp[-
2HRP/RT] and ω = exp[-MMP/RT], respectively.  The contour plot of the sum of 
squared residuals shows a narrow region with a minimum at σ = 6.3·10–8 and ω = 0.68 
(Figure 3.8a) and the corresponding fit is shown in Figure 3.8b. At this point a 
combination of MMP and HRP results in the best fit of the data. 
 
 
 
Figure 3.8  (a) Contour plot of the sum of squared residuals obtained from fitting the 
sergeants and soldiers data with the minimum at which the dotted lines cross (σ = 
6.3·10–8 and ω = 0.68).  (b) Simultaneous fit on both data sets at the minimum.  
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3.7.2  Supplementary figures for chiral amplification 
 
Figure 3.9  (a) CD, (b) UV/Vis absorption and (c) g-value spectra for the A12/C1p(S) 
sergeants and soldiers experiment, in which each spectrum represents a specific mole 
fraction of C1p(S) at a total concentration of 30 µM at RT in cyclohexane. 
 
 
 
Figure 3.10  (a) CD, (b) UV/Vis absorption and (c) g-value spectra for the A12/C1m(S) 
sergeant and soldiers experiment, in which each spectrum represents a specific mole 
fraction of C1m(S) at a total concentration of 30 µM at RT in cyclohexane. 
 
 
 
Figure 3.11  (a) CD, (b) UV/Vis absorption and (c) g-value spectra for the A12/C2m,m(S) 
sergeants and soldiers experiment, in which each spectrum represents a specific mole 
fraction of C2m,m(S) at a total concentration of 30 µM at RT in cyclohexane. 
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Figure 3.12  (a) CD, (b) UV/Vis absorption and (c) g-value spectra for the 30 µM 
mixtures of A-p/C3(S) in sergeants and soldiers experiment, in which each spectrum 
represents a specific mole fraction of C3(S) at a total concentration of 30 µM at 25 °C in 
cyclohexane. 
 
 
 
Figure 3.13  (a) CD, (b) UV/Vis absorption and (c) g-value spectra for the mixtures of 
A-m/C3(S) in sergeants and soldiers experiment, in which each spectrum represents a 
specific mole fraction of C3(S) at a total concentration of 30 µM at 25 °C in 
cyclohexane.  
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Figure 3.14  (a) CD, (b) UV/Vis absorption and (c) g-value spectra for the mixtures of 
C1p(S)/C3(R) in mixed majority rule experiment, in which each spectrum represents a 
specific mole fraction of C3(R) at a total concentration of 30 µM at 25 °C in 
cyclohexane. 
 
 
 
Figure 3.15  (a) CD, (b) UV/Vis absorption and (c) g-value spectra for the mixtures of 
C1p(R)/C1p(S) in majority rule experiment, in which each spectrum represents a specific 
enantiomeric excess of C1p(R)/C1p(S) at a total concentration of 30 µM at 25 °C in 
cyclohexane. 
 
 
 
Figure 3.16  (a) CD, (b) UV/Vis absorption and (c) g-value spectra for the mixtures of 
C1p(R)/C1p(S) with 5 mol % C3(R) in majority rule experiment, in which each spectrum 
represents a specific enantiomeric excess of C1p(R)/C1p(S) at a total concentration of 30 
µM at 25 °C in cyclohexane.  
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Figure 3.17  (a) CD, (b) UV/Vis absorption and (c) g-value spectra for the mixtures of 
A12/C3(S) in sergeants and soldiers experiment, in which each spectrum represents a 
specific mole fraction of C3(S) at a total concentration of 30 µM at 25 °C in (S)-
limonene.  
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4.1  Introduction 
Molecular self-assembly has attracted much attention of material scientists for 
the development of novel supramolecular nanostructures, starting from relatively small 
and simple building blocks.1-5  With characteristic structures and properties of the 
resultant assembly, it also came into spotlight to elucidate the mechanisms of the self-
assembly processes from monomers to polymer via noncovalent synthetic route.6-10  
Over the past few decades, many supramoelcular building blocks were designed and 
investigated to elucidate the process of their supramolecular assembly.8,10-17  Benzene 
tricarboxamide (BTA) is one of representative building blocks with simple structure and 
synthetic efficiency, which found to aggregate into 1D supramolecular polymers.18-22  
By controlling several parameters such as concentration, temperature, additive and 
tuning of peripheral unit, the found mechanism can be generally applicable for the self-
assembly of various chemicals.  In fact, these results facilitated the mechanism study for 
various molecular assemblies and provided us with benefit insight for understing of 
structure-property relationship, which resulted in precise control of self-assembly 
process with more sophisticated design of building blocks such as seeded and chain 
growth supramolecular polymerization.  However, these studies mainly focused on the 
self-assembly of planar-like π-conjugated compounds.  Within this chapter, the self-
assembly behavior of propeller-shaped TPA derivatives was investigated with 
temperature-dependent spectroscopic measurements.  More particularly, by comparing 
the critical temperature in the self-assembly process of various TPA derivatives, the 
spatial effect of side chains at meta-position of paraffinic wedges will be discussed. 
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4.2  Effect of the length of alkyl chains 
The supramolecular polymerization was mainly considered with the three 
major growth mechanisms, namely, isodesmic, ring-chain, and cooperative growth 
(Figure 4.1).8  I will focus on the isodesmic and the cooperative mechanism, because the 
ring-chain mechanism is only valuable for linear oligomers and polymers are in 
equilibrium with their cyclic counterpart.  The isodesmic polymerization is similar to 
the step-growth polymerization and is characterized by a high polydispersity, and the 
degree of polymerization strongly depends on the association constant of the linking 
supramolecular units.  On the other hand, the cooperative mechanism of supramolecular 
polymerization is characterized by nonlinear growth with at least two different 
association constants in the assembly pathway.  It is noteworthy that they exhibit a 
critical point in their self-assembly pathway, which is characterized by a rapid growth 
of supramolecular polymer. 
Meijer and colleagues adapted nucleation-growth model, originally developed 
by Oosawa and Kasai for biological supramolecular polymers,26 to describe the 
cooperative self-assembly of organic π-conjugated molecules into helical fibers.11  To 
illustrate the temperature-dependent properties of cooperative supramolecular polymers, 
two temperature regimes will be illustrated as the nucleation and the elongation regime, 
which were separated by the elongation temperature.  In this polymerization process, 
only a small portion of the monomers is active and able to polymerize above the 
elongation temperature.  The other monomers are in an inactive state and unable to 
grow into long polymeric species.  Importantly, the active and inactive states of the 
monomers are in thermal equilibrium, and the equilibrium strongly favors the inactive 
state, resulting in a cooperative supramolecular polymerization.  When the temperature   
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Figure 4.1  Graphical representation of the three growth mechanisms by which a 
monomer can polymerize into a supramolecular polymer: (a) isodesmic supramolecular 
polymerization; (b) ring-chain mediated supramolecular polymerization; (c) cooperative 
supramolecular polymerization.  In both of (a) and (b), K represents the intermolecular 
equilibrium constant, which is independent of the chain length.  In contrast, (c) exhibits 
two equilibrium constants (K1 and K2).  
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of system cools down and approaches the elongation temperature, the growth of helical 
aggregates occurs. 
By the benefit of high spectroscopic sensitivity, the self-assembly process can 
be investigated with temperature-dependent CD and UV/Vis spectroscopy 
measurements in dilute solution.  To find basic assembly behavior, achiral TPA 
derivative A12, which was substituted to three dodecyl chains at the paraffinic wedges, 
was firstly investigated with temperature-dependent UV/Vis spectroscopy measurement 
for 3.0×10–5 M cyclohexane solution (Figure 4.2a).  Upon cooling from 75 ºC to 25 ºC, 
an UV/Vis absorption spectra maximum slightly red-shifted by 1 nm and characteristic 
valley was generated at 315 nm.  To study the self-assembly behavior of A12 in detail, 
the absorbance at 315 nm was plotted as function of temperature from 75 ºC at 
molecular dissolved state to 25 ºC.  As shown in Figure 4.2b, the absorbance suddenly 
decreased at 50 ºC, suggesting that molecular behavior changed, which can probably be 
attributed to aggregation.  This nonlinear change reveals that A12 exhibits a cooperative 
self-assembly process.  To elucidate the effect of the length of alkyl chain, other achiral 
TPA derivatives, which were substituted with octyl or hexadecyl chains, A8 or A16, 
respectively, were also checked with their self-assembly behavior.  Because of bad 
solubility derived from shorter alkyls, A4 was not included in this study.  Interestingly, 
the critical temperature for supramolecular polymerization decreases as increasing the 
length of linear alkyls.  Basically, when the self-assembly occurs, the entropic loss of 
flexible alkyls emerges and increases with number of atoms in the alkyls, which results 
in the lower elongation temperature than the molecules substituted to shorter alkyl 
chain.27  To illustrate the self-assembly behavior more clearly, the temperature-
dependent CD spectroscopy measurement was performed for those achiral TPA 
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compounds.  For the measurement of achiral compounds, which is optically inactive, 
0.5 mol% of C3(S) was added into 3.0 × 10–5 M of each achiral samples in cyclohexane.  
After aging the pre-mixed sample, those three achiral compounds showed clear Cotton 
effect and can be observed CD value at 25 ºC.  For all compounds A8, A12 and A16 at 75 
ºC, the CD signal was absent, which is indicating that all of them dispersed molecularly 
in cyclohexane.  Upon cooling, the rise in Cotton effect with negative value at 252 nm 
and 367 nm, which is indicative of the formation of one-handed helical assembly as 
described in the chapter 3.4.  To analyze this result in detail, the CD intensity at 252 nm 
was normalized with those value measured at 25 ºC and plotted as function of 
temperature upon cooling (Figure 4.2d).18-19  The critical temperature for each 
compound showed consistent value with those evaluated by the UV/Vis absorption 
spectroscopy measurement.  It reveals that the chiral additive, C3(S), seldom influence 
on the self-assembly behavior of achiral TPA derivatives.  However, it is noteworthy 
that the achiral analogues classified into two classes regarding the mechamism of in 
supramolecular polymerization.  The sigmoidal cooling curve are obtained for A8, 
indicating that isodesmic self-assembly process, while A12 and A16 showed cooperative 
process with nonsigmoidal curves.28  This phenomenon could be related to the 
destabilization of molecular stacking triggered by the diminishment of intermolecular 
interaction between shorter alkyl chains. 
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Figure 4.2  (a) Full UV/Vis absorption spectra for 30 µM of A12 in cyclohexane at 
temperatures between 75 ºC and 25 ºC with 10 ºC intervals.  (b) UV/Vis absorption at 
315 nm as a function of temperature for solutions of A12 in cyclohexane.  (c) Full CD 
spectra for 30 µM of A12 in cyclohexane at temperatures between 75 ºC and 25 ºC with 
10 ºC intervals.  (d) Degree of assembly as a function of temperature for 30 µM 
solutions of A12 in cyclohexane.  The value was obtained from CD intensity at 252 nm. 
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4.3  Effect of the position of long alkyl chains 
As described above, the self-assembly behavior of TPA derivatives could be 
affected by the length of alkyl chain in peripheral paraffinic wedges.  On the other hand, 
from the results of the sergeants and soldier experiments with the different types of 
sergeants and soldiers (Figure 3.6b,d), it is clear that the degree of chiral amplification 
drastically decreases when TPA possesses the stereogenic centers only at the para-
position of the paraffinic wedges.  In other word, the observed high MMP value is 
originated in the stereogenic centers at meta-position.  The similar special effect of 
meta-position is also confirmed by the self-assembling behaviors of achiral TPA 
derivatives.  The experimental procedure is identical with the temperature-dependent 
spectroscopy measurement of fully alkylated TPA analogues, which was discussed 
above. 
Upon cooling the solution, the cooling curves for each compound was also 
found to exhibit a nonsigmoidal shape, which well corresponded with a cooperative 
self-assembly process.  The critical temperature, at which supramolecular helices started 
to be formed on cooling process, drastically decreased when one of the dodecyl chains 
at the meta-positions (A-m) was replaced with a methyl group.  On the other hand, the 
critical temperature of A-p, which was equipped with a short methoxy group at the para-
position instead of a dodecyl chain, slightly increased than A12. In general, the critical 
temperature could decrease as the length of side chains increases because the entropic 
loss accompanied by the formation of supramolecular aggregate.27  Hence, it is natural 
that A-p shows higher critical temperature than that of A12.   However, with the 
conventional notion on the supramolecular system, it is hard to explain the reason why 
A-m shows the lower critical temperature than that of A12.  
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Figure 4.3  Degree of assembly versus temperature for 30 µM achiral TPA compounds, 
A12, A-p and A-m upon (a) cooling and (b) heating, respectively.  Change in CD effect at 
252 nm as a function of temperature with cooling rate at -1 ºC min-1.  (c, d) Schematic 
illustration for TPA conformation at the moment of supramolecular nucleation.  The 
side chains at the meta-positions restricted rotation of outer phenyl intermolecularly in 
the assembly.   
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To illustrate this contradictory phenomenon, it is valuable to look into the 
molecular behavior near the elongation temperature.  According to the nucleation-
elongation model developed by van der Schoot, free monomers are readily elongated 
from nuclei and form supramolecular polymer below the elongation temperature.8, 11-29  
It is noteworthy that the presence of a nucleus was a prerequisite for elongation process.  
It indicates that the elongation temperature reflects the stability of supramolecular 
nuclei.  In the nuclei, molecules should adopt an appropriate conformation that 
facilitates the formation of helical supramolecular polymer via hydrogen bonds.  As 
shown in VCD measurement and DFT calculation in Chapter 3, the aromatic units in 
TPA derivatives adopted an optimal propeller conformation in the helical assembly 
(Figure 3.1, 3.3).  However, the molecular stacking in supramolecular nuclei was 
getting less stable as decreasing the rotation barrier of the outer phenyls, which was 
derived from the lack of long alkyls at the meta-position of outer phenyls.  As a result, 
A-m displayed the lower elongation temperature than the other achiral analogues, which 
possessed the long alkyls at the both of meta-position (Figure 4.3a).  In other words, 
when the formation of supramolecular nuclei at the elongation temperature occurs, the 
side chains at the meta-position get closer to those of vicinal stacks and intermolecularly 
crush to one another.  Concomitantly, the free rotation of benzenes in both the inner and 
outer phenyl blades would be restrained by ensuring the formation of hydrogen 
bonding.  In conclusion, the formation of nuclei was strongly facilitated by the 
intermolecular interaction of the side chains at the meta-positions in peripheral 
paraffinic wedges. 
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4.4  Effect of the position of chiral chains 
It is well known that branched chiral chains lead to less stable stacks 
compared to linear chains.  Because of steric hindrances, the branching could 
destabilize the 1D supramolecular polymer compared to linear side chains.18,30,31  For 
example, when C3-symmetrical trialkylbenzene-1,3,5-tricarboxamides were substituted 
to branched chiral side chains such as (R)-3,7-dimethyloctyl, the molecules showed 
lower elongation temperature than their achiral analogues.  However, the chiral sergeant 
C3(S) showed higher elongation temperature than the achiral analogue A12, indicating 
that the supramolecular nucleation of C3(S) is more stable in spite of its nine branched 
chiral alkyl groups.  To the best of our knowledge, this is the first example that the 
branching promotes to aggregate at higher temperature. 
The nucleation process was further facilitated by adding asymmetric elements 
into the side chain at the meta-position, which results in the higher elongation 
temperature of C1m(S) than C1p(S) and achiral analogues.  Both of chiral TPA 
derivatives have same number of chiral side chain, but the elongation of self-assembly 
occurs at different temperatures.  In addition, although C1m(S) has a chiral side chain at 
one of the meta-positions, their aggregation was found at higher temperature compared 
to C3(S), which was equipped with three chiral side chains at both of the meta- and 
para-positions.  The elongation temperature of C2m,m(S) further increased above that of 
C1m(S) as the number of chiral side chains at the meta-position increased.  It indicates 
that the stability of molecular stacks is not simply related to the number of chiral side 
chains present in a molecule. 
Principally, the aromactic propeller of TPA core presented the racemate of P- 
and M-helicity with no preferable helicity.  However, by intermolecularly colliding with 
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the chiral side chains at the meta-positions, the propeller structure was easily biased to 
more favorable helicity.  It allowed the chiral monomer to smoothly access on the 
polymerized stack of the corresponding preferred helicity with entropic profit.  
Although the point chirality at the side chains is expected to give insignificant effect on 
the far-off TPA core, it would indirectly contribute to control the chirality of TPA 
propeller by efficient transfer of point chirality through intermolecular interaction 
during the assembly. 
 
Figure 4.4  Degree of assembly versus temperature for 30 µM chiral TPA compounds, 
C1p(S), C1m(S), C2m,m(S), C3(S) and A12 (for comparison) upon (a) cooling and (b) 
heating, respectively.  Change in CD effect at 252 nm as a function of temperature with 
cooling rate at -1 ºC min-1.  (c) Schematic illustration for the facilitation of chiral TPA 
compounds due to a smooth access on the polymerized stack of corresponding preferred 
helicity with entropic profit.   
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4.5  Conclusion 
With temperature-dependent spectroscopy measurement, I was able to 
investigate the self-assembly behavior of TPA derivatives and proposed the process of 
supramolecular polymerization based on unique feature of propeller conformation 
presented in molecules.  Except for A8, which have linear octyl chains, all compounds 
self-assembled via cooperative process.  According to nucleation-elongation model for 
cooperative supramolecular polymerization, the spatial effect of side chains was 
realized by comparing the elongation temperature of TPA analogues.  In the assembled 
state, I assumed that the rotation of both inner and outer phenyl blades is restricted by 
intermolecular interactions of long alkyls at the meta-position in peripheral paraffinic 
wedges.  In addition, chiral side chains could support the smooth access of TPA 
propeller on the polymerized stack of preferable helicity with entropic benefit.  As a 
result, the chiral TPA compounds, which possess branched chiral chains, exhibited 
higher elongation temperature than achiral analogues.  Importantly, this phenomenon 
has not been realized in the assembly of planar-shaped aromatic molecules.  The unique 
self-assembly of TPA derivatives could give a fresh insight into the development of 
molecular assemblies based on propeller-shaped building blocks. 
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4.6  Experimental section 
Temperature-dependent Circular Dichroism (CD) and UV/Vis Absorption 
measurement 
The enantiomerically pure chiral compounds were dissolved at 3.0×10–5 M in 
cyclohexane.  For the measurement of achiral compounds, which is optically inactive, 
0.5 mol% of C3(S) was added into 3.0×10–5 M of each achiral samples in cyclohexane.  
The pre-mixed solutions were heated up to 75 ºC at molecular dissolved state and 
cooled to RT at -1 ºC min -1.  After 1 h, the samples were aged overnight and measured.  
The CD intensity at 252 nm were measured upon cooling from the molecularly 
dissolved state at 75 ºC to 25 ºC at 1 ºC min-1 and upon heating in the reverse order.  
The elongation temperatures for all compounds were consistent with those in UV/Vis 
absorption spectra.  
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Figure 4.5.  Degree of assembly versus temperature for 30 µM of achiral TPA 
compounds, A12, A-p and A-m, and chiral TPA compounds, C1p(S), C1m(S), C2m,m(S) and 
C3(S), upon (a, c) cooling and (b, d) heating, respectively.  Change in absorbance at 252 
nm as a function of temperature with cooling rate at -1 ºC min-1.  
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5.1  Introduction 
Controlling the organization of functional molecules via self-assembly has 
been attractive subject for developing organic materials and devices.1-3  Therefore π-
conjugated liquid crystals (LCs) have attracted much attention in organic electronics 
because they exhibit self-organization, thermal stabilities and ease of processing 
through supramolecular interaction.3-6   Those characteristic features were derived from 
their ordered phase and dynamicity.7  First, ordered phase is a key factor for charge 
transport through the co-facial coupling of π-electrons, resulting from strong 
intermolecular interactions along superimposed aromatic cores.  By controlling ordered 
assembly in the bulk and at interfaces, the resulting LCs could be fabricated at all length 
scales from molecular to macroscopic distances (Figure 5.1a).  In addition, LCs have a 
self-healing ability for structural defects such as grain boundaries due to their fluid-like 
flow behavior.  Upon simple thermal annealing, large single domains spontaneously 
formed over millimeter scale with millimeter thickness in LC mesophase.8.9  More 
particlualy, molecular orientation can be controlled by the manipulation of a 
concentration or temperature gradient,10,11 external e-field,12,13 or surface alignment 
layers.12-17 
As substituted by appropriate solubilizing groups in π-conjugated aromatic 
segment peripherally, resulting LC materials formed 1D or 2D morphology depended 
on molecular shape (Figure 5.1b).  The rod-like molecules18-19 could form nematic and 
smectic phases and demonstrate a 2D charge transport in directions perpendicular to the 
molecular axis.  On the other hand, the disk-like molecules20 exhibit columnar assembly 
and promote 1D charge transport along columnar axis.  Compared to rod-like 
molecules, the large orbital overlap was emerged between stacked disc-like molecules 
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Figure 5.1 (a) Typical length scales encountered in organic electronics and control of 
order achievable with LC semiconductors.  (b) Schematic representation of rod-like 
(left) and disc-like (right) LC molecules. 
 
and promoted more efficient charge transport along the columnar axis.7,21  To develop 
optoelectronic devices based on 1D columnar assembly, planar π-conjugated aromatics 
such as triphenylene,22,23 phthalocyanine24,25 and hexabenzocoronene26,27 have been 
utilized for core area in discotic molecules.  However, those molecules suffer from 
some limitations, including high viscosity due to the bulky alkyl chains and high 
isotropic melting temperatures of discotic LCs as a result of the strong π-π interaction 
between the planar-like aromatic cores.  
On the other hand, non-planar π-conjugated motif was rarely utilized in spite 
of their unique properties such as macroscopic polarization and weak intermolecular 
interaction.  Triphenylamine (TPA) is one of famous nonplanar aromatics with good 
hole transporting ability.  As described in Chapter 1.2, there are only a few examples of 
TPA-based LC materials and their structure-property relationship is rarely 
discussed.17,28,29  A systematic study on the self-assembly of triarylamines in LC 
mesophase is supposed to provide us with a beneficial insight for their implementation 
as functional materials.  Within this chapter, I describe hexagonal columnar assembly of 
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propeller-shaped TPA derivatives and their thermal behavior in LC mesophase by 
substituting to their peripheral paraffinic wedges, which result in their characteristic 
mesomorphic properties.  
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5.2  Hexagonal columnar assembly in LC mesophase 
For bulk samples, the phase transitions and thermal behaviors of propeller-
shaped TPA derivatives were summarized in Table 5.1.  DSC and XRD analysis of fully 
alkylated TPA analogues, except for A4, showed an LC mesophase with hexagonal 
columnar assemblies in a wide temperature range.  For example, DSC analysis of A12 on 
second heating displayed that LC mesophase arised at – 6 °C and then disappeared at 
154 °C to form an isotropic melt (Figure 5.2a).  At 140 ºC, resulting fluid LC materials 
showed a typical X-ray diffraction (XRD) pattern of a hexagonal columnar (Colh) 
geometry (Figure 5.2b).  The diffraction peaks can be indexed as the (100), (110), and 
(200) reflections of a Colh mesophase with d-spacings of 30.9, 17.8, and 15.4 Å.  As a 
result, intercolumnar distance of the LC mesophase was evaluated as 3.56 nm.  Upon 
cooling, the intensity of XRD spectra was decreased, but the diffraction peaks still 
displayed Colh mesophase even at room temperature, suggesting that the columnar 
structure maintained in the whole temperature range of the LC mesophase. 
By variable-temperature infrared spectroscopy, I successfully confirmed that 
hydrogen bondings supported the columnar assembly among superimposed molecular 
stacks through 3-folded amide units present in a molecule (Figure 5.2c).  The 
characteristic vibrational bands of amide groups on the molecule shifted 
discontinuously to lower wavenumbers at the isotropic melt-to-LC phase transition of 
the molecules.30 
In comparison with the other TPA analogues, as the length and the volume of 
side chains were reduced, the intercolumnar distance in the hexagonal columnar 
mesophase decreased.  For example, as alkyl chain length of A16, A12 and A8 reduced 
from hexadecyl, dodecyl to octyl, the intercolumnar distances of their LC mesophases  
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Table 5.1 Phase transition profiles and intercolunmar distance of propeller-shaped TPA 
derivatives. 
 
a Cr, Colh, G, and Iso denote crystalline, hexagonal columnar, glass, and isotropic 
phases, respectively. 
b Intercolumnar Distance of the LC mesophases. 
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Figure 5.2  (a) DSC traces on second heating/cooling of 3 at a scan rate of 10 °C min–1. 
(b) XRD patterns of A12 depend on temperature upon cooling from its isotropic melt to 
Colh mesophase. Inset shows a magnified XRD pattern at 2θ = 4°~ 7°.  (c) IR spectral 
change profiles of the N-H and C=O stretching vibrational bands of A12 on cooling from 
180 to 30 °C, where the white- and blue-colored regions represent temperature ranges 
for the isotropic melt and hexagonal columnar (Colh) meso-phase, respectively.  
 
 
Figure 5.3  XRD patterns for (a) A8 and (b) A16 at 120 ºC. Inset shows a magnified 
XRD pattern at 2θ = 3°~ 5° and 2º ~ 5º, respectively.   
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continuously decrease from 3.84 nm, 3.56 nm into 3.20 nm, respectively.  However, the 
XRD pattern of A16 slightly mismatched with the index of (110) including in weak 
intensity, while A8 displayed clear diffraction peaks with strong intensity, which was 
well corresponded to Colh geometry (Figure 5.3).  It indicates that longer alkyl chain 
destabilized columnar assembly due to their high mobility with entropic gain.31,32  
When one of dodecyl chains reduced from peripheral wedges, the vicinal column was 
getting closer with diminishing the volume of dendritic chains.  As a result, A-m and A-p 
exhibit shorter intercolumnar distance than A12.  The chiral analogues in LC mesophase 
were also found to reduce intermolecular distances as long alkyls substituted to shorter 
chiral chains. 
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5.3  Thermal behavior in LC mesophase 
Propeller-shaped TPA compounds showed hexagonal columnar geometry in 
LC mesophase, while only A4 exhibited simple isotropic melt-to-crystalline phase 
transition.  It could be explained that substitution with short alkyl chains did not 
implicate in the phase segregation of isolated alkyl chain layers, which restrict 
formation of LC mesophase.32  On the other hand, the longer alkyl chains apparently 
contribute to the change of phase-transition temperature with their thermal motion. 
In contrast to XRD analysis, DSC analysis is highly dependent on the 
structure of peripheral paraffinic wedges.  In comparison with these analogues, as the 
length of alkyl chains was shortened, the transition temperature from isotropic melt to 
LC mesophase became higher (Figure 5.4a).  It revealed that the strength of columnar 
assemblies had risen by the enhanced crystallinity of shorter side chains with entropic 
benefit.  For example, A16 transforms from the LC mesophase into isotropic melt at 148 
ºC, while A12 and A8 melt at 159 ºC and 184 ºC, respectively.  Interestingly, although 
the same number of long alkyl chains substituted to methyl group, A-m and A-p also 
showed different phase-transition temperatures.  A-m, which lacks long alkyls at one of 
the meta-positions, showed higher melting temperature than that of A12, while A-p 
reached isotropic melt at lower temperature (Figure 5.4b).  This phenomenon is of 
opposite trend with temperature-dependent spectroscopy study in diluted solution.  It is 
noteworthy that the molecular behavior in the LC mesophase discriminates from the 
supramolecular equilibrium states such as elongation, nucleation and disassembly at 
elongation temperature in diluted solution.  Below the melting temperature, all 
molecules formed columnar assemblies through hydrogen bonding of amide units and 
interdigitation of peripheral alkyls.  It indicates that melting temperature reflects the 
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stability of columnar assembly in the LC mesophase.  Upon heating, the side chains at 
the meta-position could be allowed to clash with one another intermolecularly for free 
rotation of outer phenyls.  As a result, the lack of long alkyls at the meta-position 
enhanced the crystallinity and exhibited higher melting temperature of the LC 
mesophase.  On the other hand, the branching in the chiral side chain triggers steric 
hindrances and the intermolecular interaction on columnar assembly was weakened, 
which resulted in lower melting temperature of TPA analogues with chiral side chain 
(Figure 5.4c).  However, it is noteworthy that C1p exhibits slightly higher melting 
temperature than the other chiral analogues due to the linear alkyls at meta-position.  It 
indicates that the steric hindrance at meta-position is crucial for phase transition of 
propeller-shaped TPA derivatives in LC mesophase.  
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Figure 5.4 Changes in phase-transition temperature of (a) A4, A8, A12 and A16; (b) A12, 
A-p and A-m; (c) C1m(S), C1p(S), C2m,m(S), and C3(S): determined using DSC 
measurements on the second cooling at a scan rate of 10 ºC min-1. 
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5.4  Homeotropic alignment of TPA derivatives in LC mesophase 
Controlling the macroscopic orientation of discotic LC materials is an 
important issue for the development of electronic devices.  For example, edge-on 
orientation of the hexagonal columns parallel to the substrate is suitable for field effect 
transistors (FETs), while homeotropic alignment with a face-on orientation of columns 
is required for photovoltaic and light-emitting applications.23,34  To manipulate the both 
orientations, various techniques have been developed and applied to fluidic LC 
materials.  Miyajima et al. reported that the amide-appended side-chain motif offered as 
E-field responsive handle for controlling large-area orientation of hexagonal columnar 
LC materials.  Interestingly, the e-field responsiveness of discotic LC molecules was 
well emerged regardless of the structures of π-conjugated aromatic core and branched 
paraffinic tails, assembly and lattice dimensions.  By taking this advantage of amide 
handle, the macroscopic alignment of TPA derivatives was investigated. 
 In POM measurement under crossed polarizers at 150 ºC, A12 showed a 
characteristic fan texture corresponding with hexagonal columnar LC assembly, which 
is consistent with XRD analysis (Figure 5.5a).  To confirm the orientation of hexagonal 
columnar LC mesophase, the LC compounds placed in the sandwich-typed glass cell 
composed of patterned ITO electrodes with designated electrode gaps of 5 µm.  When 
an electric field was applied as 20 Vpp µm-1 at 150 ºC, the fan texture was gradually 
eliminated and the dark field only was displayed in a part of sandwiched ITO 
electrodes, indicating that the columns of A12 aligned homeotropically to the surface of 
electrodes (Figure 5.5a).  Interestingly, the homeotropic alignment was sustained for a 
long time after removing electric field and the random orientation with the birefringent 
texture was recovered by heating up to isotropic melt state and cooling to the LC 
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mesophase, subsequently.  When the same experiment was performed for TPA 
analogues A8 and A16 at 180 ºC and 140 ºC, respectively, both of them also responded to 
the applied electric field and maintained a homeotropic alignment for a long time 
(Figure 5.5b,c).  It indicates that the columnar assembly of TPA-based LC can be 
manipulated regardless of substituted alkyl chain length.  With this easy control of the 
columnar orientation, a systematic study on the self-assembly of triarylamines in LC 
mesophase provides us with a useful insight for their implementation as functional 
materials. 
 
 
 
 
Figure 5.5  POM images of (a) A12 at 150 °C, (b) A8 at 175 °C and (c) A16 at 140 °C, 
respectively.  All columnar LC compounds were sandwiched by glass plates with 
patterned ITO electrodes (5-μm separation) under applied electric field of 20 Vpp μm-1.  
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5.5  Conclusion 
In summary, I have investigated the self-assembly of TPA derivatives with a 
variation of their peripheral groups in the bulk.  By the mean of DSC, XRD and POM 
analysis, the TPA compounds in an LC mesophase were found to form hexagonal 
assembly, which are supported by hydrogen bonded amide group and branched 
paraffinic wedges, in a wide temperature range.  As comparing the thermal behavior of 
TPA-based LC molecules, I obtained a fresh insight into the relationship between 
propeller conformation and self-assembly.  First, the critical temperature from the LC 
mesophase into isotropic melt is getting higher with diminishing their alkyl chain length 
with entropic benefit in columnar assembly.  When one of the long alkyls was replaced 
with a methyl group, the critical temperature was differentiated by the substituted 
position, indicating that the rotational intermolecular restriction was strongly related to 
thermal stability of the LC mesophase.  Furthermore, I successfully could manipulate 
the orientation of hexagonal columns by using external E-field.  With considering the 
structure-property relationship, a systemical study on the columnar assembly of TPA-
based LC compounds provides us with useful insight for design of soft materials for 
optoelectronics based on propeller-shape conformation. 
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5.6  Experimental Section 
5.6.1.  Differential scanning calorimetry (DSC) Analysis 
Differential scanning calorimetry (DSC) was performed on a Mettler–Toledo 
model DSC 822e differential scanning calorimeter, where temperature and enthalpy 
were calibrated with In (430 K, 3.3 J mol–1) and Zn (692.7 K, 12 J mol–1) standard 
samples using sealed Al sample pans. Cooling and heating profiles were recorded and 
analyzed using the Mettler–Toledo STARe software system. 
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Figure 5.6  DSC traces on the second heating and cooling of A4, A8, A12, and A16 at a 
scan rate of 10 °C min–1.  
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Figure 5.6 (cont.)  DSC traces on the second heating and cooling of A-p, and A-m at a 
scan rate of 10 °C min–1.  
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Figure 5.6 (cont.)  DSC traces on the second heating and cooling of C1m(S), C1p(S), 
C2m,m(S), and C3(S) at a scan rate of 10 °C min–1.  
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5.6.2.  X-ray diffraction (XRD) analysis 
X-ray diffraction (XRD) analysis was performed on a Cu substrate using a 
Rigaku model Ultima III X-ray diffractometer with a monochromated CuKα radiation 
source. High-resolution XRD analysis of TPA derivatives was carried out at 120 °C 
using a synchrotron radiation X-ray beam with a wavelength of 1.08 Å on BL02B2 at 
SPring-8 (Hyogo, Japan). A large Debye-Scherrer camera with a camera length of 
286.48 mm was used with an imaging plate as a detector, where the diffraction pattern 
was obtained with a 0.01 ° step in 2θ. The exposure time to the X-ray beam was 20 min.  
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Figure 5.7  XRD patterns for (a) A-p, (b) A-m, (c) C1m(S), (d) C1p(S), (e) C2m,m(S) and (f) 
C3(S).  All compounds were measured at 120 ºC except for C3(S) at 155 ºC.   Inset 
shows a magnified XRD pattern at 2θ = 3°~ 5.  An unidentified peak is marked with red 
circle.   
Chapter 5 
 
 130 
5.6.3.  Polarized optical microscopy (POM) analysis 
Polarized optical microscopy (POM) was performed on an OLYMPUS model 
BX-51 polarized optical microscope equipped with a Mettler FP-82HT hot stage. 
 
 
 
 
Figure 5.8  POM image of (a) A-p, (b) A-m, (c) C1m(S), (d) C1p(S), (e) C2m,m(S) and (f) 
C3(S), respectively, at the temperature noted in the top left of image. All columnar LC 
compounds were sandwiched by glass plates with 5-μm separation.   
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6.1  Summary and perspective 
To develop novel materials with better functional property and improved 
practical accessibility, many material scientists have designed and investigated various 
chemicals.  Among them, supramolecular building blocks have attracted international 
attention to their unique feature that integrates order and dynamics to accomplish self-
organization.  Especially, π-conjugated aromatic molecules have been utilized as 
essential component of supramolecular building blocks.  They could form strongly 
ordered structures derived from their strong π-π interaction, which also allowed for 
extending their electronic properties.  As a result, various types of π-conjugated 
molecules have been reported and implemented in organic electric devices.  However, 
nonplanar π-conjugated molecules have attracted less attention from supramolecular 
chemists in spite of their unique features such as macroscopic polarization and intrinsic 
chirality.  TPA is a propeller-shaped molecule, which have emerged a good hole 
transporting material.  They were mostly utilized in solid state, but the self-assembly 
behavior and their associated properties were rarely investigated.  Along this line, I 
designed new supramolecular building blocks based on TPA core and could elucidate 
the relationship between propeller conformation and their unique self-assembly 
behavior. 
First, I found high amplification of supramolecular chirality derived from 
propeller conformation of TPA, which serves as an extra chiral source with the 
stereogenic centers in their side chains.  As a result, one molecules of a chiral TPA 
compound can manipulate the helical orientation of 500 molecules of achiral analogues.  
Furthermore, the hierarchy of chiral molecules was emerged by tuning the peripheral 
chiral side chains.  This unique feature of propeller-shaped TPA compounds provides us 
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with fresh insight for exploring the origin of symmetry breaking as well as realizing the 
practical application of single-handed supramolecular helix.  For instance, this system 
can be applicable for asymmetric catalysis, which has been proved in the hybrid catalyst 
with covalent helical polymers and metals.1-6  In 2013, Raynal and co-workers reported 
the asymmetric hydrogenation utilizing the sergeants and soldiers system for 
supramolecular helices of phosphine-appended BTA derivatives.7  However, the 
resultant selectivity of product was low (31%ee) in chiral amplified system and totally 
lost in highly polar solvent, CH2Cl2.  In addition, because the phosphine ligand attached 
one of three-arms in BTA, the degree of chiral amplification could decrease in the 
resultant assembly.  In biological system, highly ordered biomolecules with single 
helicity was selectively produced by efficient asymmetric catalysis together with the 
complex of a metal and proteins,8-10 or DNA.11,12  Because the helical structure of DNA 
and proteins was derived from the formation of supramolecular assemblies, it is 
desirable to develop and investigate the asymmetric catalysis in artificial supramoleclar 
helices and their sergeants and soldiers system.  It is noteworthy that the high degree of 
chiral amplification is exhibited in the presence of even one chiral side chain at meta-
position of outer phenyls present in a my TPA compound.  It means that the other side 
chain can be functionalized with the binding site for a metal.  Especially, the para-
position is valuable to append other functional group due to no steric hindrance for the 
rotation of outer phenyls.  This structural merit supposes to enhance the efficiency and 
the selectivity of asymmetric reactions.  Furthermore, if such high amplification of 
supramolecular chirality can be also realized in aqueous media by substituting with 
hydrophilic side chain, it provides us with profit insight for studying asymmetric 
biological system. 
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Second, to elucidate the effect of propeller conformation for TPA assembly, I 
performed a systematic study on the process of supramolecular polymerization by 
tuning peripheral alkyl units.  With the temperature-dependent spectroscopy 
measurement, I could discuss the role of long alkyl chain in the self-assembly of 
propeller-shaped compounds.  As tuning the position of long alkyl substitution, the 
critical temperature of supramolecular polymerization was varied largely.  It is related 
to the restriction of the propeller rotation via intermolecular interactions of long alkyls 
at meta-position.  In addition, the propeller conformation could provide extra entropy 
benefit, which is not the case for planar-shaped molecules, for easy access of molecular 
assembly with branched chiral chains.  This unique assembly behavior was also realized 
in the bulk.  TPA derivatives exhibited hexagonal columnar geometry, which was 
supported by aromatic appended amide units and peripheral paraffinic wedges.  
Interestingly, the transition temperature from LC mesophase into isotropic melt showed 
an opposite trend with the process of supramolecular polymerization in cyclohexane.  It 
is also related to the rotation freedom of propeller units, which results in the higher 
melting temperature with the lack of long alkyls at meta-position.  Furthermore, these 
liquid crystalline TPA exhibited electric field responsiveness, indicating that they 
formed highly ordered columns and their orientations could be easily manipulated by 
external stimuli.  Recently, the processability of organic materials for electronic and 
semiconducting application has attracted considerable attention, because it may enable 
flexible and large-area fabrication with low cost production.13-15  For example, organic 
semiconductors in small molecular level such as 6,13-Bis(triisopropylsilylethynyl) 
pentacene16,17 or benzothieno-[3,2-b][1]benzothiophene (BTBT) derivatives18-20 can be 
processed by using print production technologies.  To achieve suitable solubilities and 
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thermal stabilities with desired properties, it necessarily investigates the relationship of 
molecular structure and their associated properties in the assembly.  In general, alkyl 
chain substitution leads to improve the solubility of organic materials21,22 and supports 
to formation of ordered 1D or 2D structures. However, I realized that exceptional 
melting temperature increase with alkyl chain substitution, which derived from dynamic 
propeller conformation of TPA compounds.  Considering the structure-property 
relationship in the development of organic materials, these studies are supposed to 
provide us with beneficial insight for the design of organic devices with better 
optoelectronic properties.  
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